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ABSTRACT

Exploring new technologiesthata n meet t he wor |addfisientamder gy
clean manneris critically important due to the deplat of natural resources and
environmental concerns. Dygensitized solar cells (DSSCsafe low-cost and clean
technologyoptions that use solar energy efficiently andre beingintensively studied.
How to furtherreduce the cost of thitechnologywhile enhanimg device performances

one of the demanding issuies large scale applicatiomnd commercialization of DSSCs.

In this researchdissertation four main contributions are mada this regardwith the
motivation toreducefurther cost of DSSCtechnology Firstly, ~10% efficiencies were
achieved after developing understanding of key concepts and procedures involved in
DSSCs fabrication. These efficiencies were achieved afteibgtsfep modifications in
the DSSC design. Secondbarbon nanotube{(Ts) were succesully employed as an
alternative to Pt in the counter electrodes of DSSCs. DSSCs fabricated withw@hel's
~86% as efficient as Ptbasedcells Non-aligned CNTs were successfully grown using
four different CVD methods and finally, utii-walled verticallyaligned CNTs (MW
VACNTS) were synthesized using watessisted chemical vapor deposition (WIA/D).
Thirdly, carbon derived from pyrolysis of nanocrystalline cellulose (NCC) was
successfully employed in counter electrodes of DSSCs instead of Pt. DSSQ¥C@ith
were ~58% as efficient as-Based DSSCs-ourthly, novel organic metairee dyes were
designed and employed instead of commonly usedd®ed dyes. DSSCs with these
novel sensitizers were ~62% as efficient as those using the conventichab&lidyes
Characterization techniques including curreoltage measurements, scanning electron
microscopy (SEM), electrochemical impedance spectroscopy (EIS), egtizanmetery
(CV), thermogravimetric analysis (TGA3mall angle xay scattering (SAXS)atomic

force microscopy (AFM) and-ray photoelectron spectroscopy (XPS) were used.
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CHAPTER 1 | NTRODUCTION

World energy consumption is increasing rapjdigeFigure 11, and this energy demand
seems to ba majorchallenge to humanity ithe future. In order tomaintaineconomic
growth, it is necessary to findnew horizon of energy sources to tackle #nergy issue
Within this context, several alternative energy soustesh as solar energy, wind energy
have attracted the attention of both industry and anide

Solar energy is one of the most promising futteiebonfree energy resources dse sun

is the mostbundanenergy sourcavailable Almost all energy sources includingind,

fossil fuel, hydro and biomass have their origins in sunlight. The direct conversion of
sunlight into electric power bphotovoltaic (PV)cells is of particulainterest In PV
power generation,lectricity is produced without the exhaust of greenhouse gases and
without nuclear waste byproducdtsSimultaneously, both reserve depletion and
greenhouse gas emissiamsjuirea major shift from fossil fuels as the darant energy

source’

Today, global primary energyonsumptions about & TW and is predicted to rise &5

30 TW in 2050 A total of ~1.73 x 10" W of solar radiatiorreaches the surface of
earth® The teoretical solapower reaching the eargt anygiven time is estimated to be

1.2 x10° TW and practical potential i®stimatecto be~600 TW.® Evenif a fraction of
thissolarenergy can be harvestedise nough to satisfy worl dos
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Figure 11: World total pimary energy consumptidilA, http://www.eia.goy.

Althoughthe useof PV cellsis relativelysmall (~15 GW) it has a particularly promising
future as pogressive energy policies are being implemented in nw@untries to
acceleratats deploymentGlobal PV capacity has been increasiagidly, at anaverage
annual growth rate 0f40% since 2000 and it has significant potential féong-term

growth over the next decadeseFigure 12.
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Figure 12: World renewable energy generating capacity [US energy information
administration, AEO tables (2013)]
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It is estimated that P¥ellswill provide~11% of global electricity productioby 2050,
avoidng 2.3 gigatons (@) of CO, emission’ This growth is a result of a combination of
recent developments in this field including decrease in prices, increase in investments and

theuse of lowcostnovel thin film technologies.

1.1. PHOTOVOLTAIC TECHNOLO GIES

Photovoltaic technologiesan be divided into three generations as showfigare 13.

Currentrecordphotovoltaiccell efficienciesare shown irFigure 4.
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Figure 13: Classification of photovoltaic technologies
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Figure 14: Currentrecordphotovoltaic researebell efficiencies®

1.1.1.First generation solar cells

The frst solar cell made with silicon (Si) was demonstratedeits labs in 195%
providing the foundationof the first generation solar cellSilicon, a semiconductor
material is available abundantly ithe eartlis crust. I energy band gad.Q eV) has
made it suitable for PV applicationfoday, thistechnology is mature and wafer based
crystalline silicon €Si PV cells and modules dominate the current market accounting for
almost 90% of it° These cells and their modules are being producegassive scale
andare able tqprodue at the rate okeveaal hundred MW a yearr even at the GW
scale. Crystalline silicon celtsan beclassified into tbsemaincategoriesnamely

1. Monocrystallineg(Mono ¢Si) / single crystalline (sSi);

2. Polycrystalling(Poly ¢Si) / multi-crystalline (meSi);

The theoretical limit ShockleyQueisser limix for these cells is33%.!* The efficiency

of commercially producethodules rangesdm 14% ta20%.*? Thisis still far away from
4



the theoreticamaximumefficiency value Si-based P\s relatively expensive due the
high cost of purifying, crystallizing and sawingSt. It is also slow to grovi crystals,
requiringthick Si wafes to absorbsunlight. t is strongly believed that these drawbacks
can be avoided by reducing the Si quantity in these cells using teat@iques such as

thin film solar cells
1.1.2.Second generationalar cells

Thin film second generatiotechnologiesappeared in 1978 It took almost20 years of
research and developmeantstart deployment of this technology in sigeéiint quantities.
Seond generation P\ould provide relatively lowcost electricity as compared teS¢
based technologyBesides its lowcost,second generation Pkquires less material and
can be packed into flexible and lightweight structures that can easily be inteigtated
building components. All thedactorsmakesecond generation PWore attractive than
first generation technologylhe three primary types of thiilm solar cells that have
been commercially developed are:

1. Amorphous silicon (&iand aSi £Sg);c

2. Cadmium élluride (Cdre);

3. Copperindium-selenide (CIS) and Coppardium-gallium-diselenide (CIGS)

1.1.2.1. a-Si/uc-Si solar cells

Although aSi has lower efficiency as compared dther thin film solar cells, it was
commercialized much earlier-3i-based cells &ve efficiency of 9.5% + 0.3% (1.07
cn?).** The main disadvantage ofSi solar cells is related tiheir poorstability under

sun exposure

A variant of aSi solar cellsaremulti-junction cels consising of aSi cells with layer of
pc-SisuchaKanekaéds 11. 7-%i #5iheterastmioturgs Althaugh pc-Si
showed good stability undérsunillumination'®, themechanisms related to lightduced
degradation arstill not well understood.



1.1.2.2. CdTe solar cells

Cadmium elluride (CdTe) thinfilm PV solar cellsare economicalhaving ~18%
efficiencywith manufacturing costs under USD O\&5'’ There are some environmental
concerns about the toxicity of cadmium and long term availability of tettuas it is
produced as a byproduct of copper processHoweverthe small amount of Cd used in
thin film solar cells can be recycled at the end of the lifetime of modules in order to

isolatethemfrom the environment.

1.1.2.3. CI(G)S solar cells

Cl(G)S-basedPV cells are a promisingtype of thin film solar cells.Thesecells have
achieved a record efficiency of 20.3%the lab leve| which is close to the-8i based
solar cells® However, significant cost advantages have not yet been achievaation
modules. Therefore, there is a race to increase efficiencyofomercially available
modules.Improvementsan be achieved by improvirige understandingelated to thin
film processingand development of new technology to solve equipment and-ggale

issues.

1.1.3.Third generation solar cells

Third-generation PV technaoytes comprise novel conceptthat do not fall under
previously discussed technologie€Some thirdgeneration PMechnologies are beginning
to be commercialized, batrestill in need of basic research and developmEnése can
be classified into thregypes:

1. Concentrating PV (CPV);

2. Organic solar cells;

3. Dye-sensitized solar cells (DSSC).

1.1.3.1. Concentrating PV (CPV)

In concentrating PV (CPVjechnology,sunlight is concentrated directly on small and
highly efficient multi-junction solar cellsusinglenses omirrors These multjunction

solar cells argypically made ofsemiconductor compounds from groups Il and V of the
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periodic table.Concentrating sunlight increases tbeelar illumination power density
Therefore, higher concentration meangreater generéion of electricity. In order to
generate electricity in an efficient mannehe lensesand the mirrors should be
permanently oriented towards the sashieved ging asingle or doubleaxis tracking

systens. Drawing heat off the cells is also importanid is achieved using heat sinks.

Silicon-based CPV modulethat are ommercialy available offer efficiendes in the
range of 20% to 25%. CPV based anulti-junction solar cells using HY

semiconductors hawvachieved laboratory efficiency of more thédea™®

This technology has some disadvantages inclutigh cost inefficient operation in
cloudy days, needf additional maintenance and management dutheédracking and

cooling systems.

1.1.3.2. Organic solar cells (OSCs)

Organic solar cellgre promising photovoltaic devices due to thiaxibility, low-cost
and simple manufacturing processes. They haoetential applications in large area,
printable and flexible solar panel@rganic solar cells are composed of organic or
polymer materials. Thar success in recenyears has been due to many significant
improvementghat have led to higher efficienciebhis technology is still in its infancy;
however,organic PVmoduleefficiencies are now in the range 4% to 5%dommercial
systems and0.6% n the laboratoryor a polymer tandem celhnd 12% efficiency for a

commerciatandemcell.2%?*

Therearemainly two structureof OSCs namelythe bilayer heterojunction and the bulk
heterojunctions Bilayer heterojunctions ar@nalogous to 4o junction Si solar cells
while thebulk heterojunction is an attempt to maximize the ipterface byintermixing

donor and accept@olymeic materials in a solutian

One of themajor challengeghat organic solar cellsare facing is their instability when

exposed to light> %> 2* % The efficiency of solar cells degrades by=®% within a very

7



short period of exposure to light and/or environmétawever, someecent resultshow

thatafter therapid decrease in efficiency 25%), thecells appear to stilze.?®

1.1.3.3. Dye-sensitized solar cells (DSSCs)

Dye-sensitized solar cellsare photoelectrochemical solar cells that mimic
photosynthesié’ Thesecells are attractive because they use-tmst material§TiO,, for
instance)and are simple to manufactureaboratory efficiencies of around 12% have
beenachievedusing moderrdyessuchas zinc porphyrin dyeand electrolytesuch as
cobalt (II/11)-based redaf® However,commercial efficiencies are lowypically under
4%-5%. DSSCs having liquid electrolytesabve some issgaegarding stability under UV
light. This can be overcome using sedithte electrolyte materialfRecently 15%

laboratory efficiency waachieved for solidtate DSS€based on Ppervskites*

For a truly significant impact ofphotovoltaics in our future electriciyix, we need
effi cient andlow-cost solar cells fabricatedsing abundant nottoxic materials with

simple manufacturingrocesses.

1.2. AIR MASS AND THE SOLA R SPECTRUM

The an is atremendoussource of energy. Radiativanergy at the surface of sun is
reasonably constafit!, howeverijt is attenuated by reachingh e ear t Abbig sur f &
70% of the solar radiation in space rezste E a r tsurféce. Apart from the reflection

of clouds, attenuationis due to absorptiorand scattering® The degree to which the
atmosphere affects the sunligi#achinga t the earthdéds surface i
mas s 0. AMyis defized ashe(ratio ofthe path lengttat an angl e d fr
to that atzenth, as shown irFigure 15, and can be estimateacording to

o0 — (1-1)

whered is the angle measured from the zenith.
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Figure 15: Air Mass (AM) increases with the andglieom the zenith.

The spectrum outside the atmosphere is designatéd/a3 and is relevant to satellite
and spaceehicle applications. The incident powdensityfor AM 0 is 1353 W/m. The

AM 1 spectrum represents the sunlight at the surface of eagh Wie sun iglirectly
overhead and has an incident power of ad®40W/m?. When the sun is 48 degrees off
zenith the spectrum is calledAM 1.5 seein Figure 16. AM 1.5 G corresponds to
incident power of 1000 W/frandis regarded as the standard spectrum for measuring the
efficiency of solar cells on the surface of eaathmid altitudesHere inAM 1.5 G G

stands for globaknd the global spectrum comprises the direct plus the diffuse sunlight.
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1.3. MOTIVATION

As discussed aboy®SSCs technology is promising alternative to silicobhasedsolar
cells as ithasalready supersedeaSi solar cells in terms of efficiencgurrently, the
most efficient DSSChas ~15% efficiency with solid electrolyte. DSSCs have many
advantages over Si basedd thin filmsolar cells includingimple and energgfficient
manufactiring, low-cost nontoxic (compared to CdTe, for instancahd suitability fora
wide variety of enelser products. D&Cs alsowork betterthan Si solar cellsinderlow
light intensities andcanthusbe a good choice fandoor applicationsFor DSSCsd be
competitive, they must be leeost. Wstreductiors can be realized i€urrent materials

including Pt and Rgan be replaced with loer-cost alternatives.

The counter electrode is one of the most critical components in DSSCs, which reduces
trilodide (13") back to iodide () used as a redox charge mediator in regenerating the light
absorbing sensitizer after electron injectfénn order to achieve higher electrocatalytic
activity, the I/l3” redox reaction rate othe cathode should be fast. Wwther words,

electrocatalytic activity in'Als” redox reaction should be high.

10



Several studies have shown that platinum is an excellent candidate for use as catalyst in
the counter electrodélowever, its high cost and limited availability are not conigbat

with a low cost technology. n a qui ck <calcul ati on, trying
electricity using this technology would require far more platitlbamis present on earth.

Also, platinum is found to degrade over time while in contact with toerosive
electrolyte® Therefore, efforts are needed to search for a material that can replace

platinum.

Another vital component in DSSCs is the plastode which accepts electrons injected
from the photoexcited dye sensitizers. The dye sensitizersaitay role in DSSE€ To
date, the best conversion efficiees have been achieved usiRg-basedcomplexesas
sensitizes*® in liquid-based electrolyte DSSCRuthenium is a rare and potentially toxic
heavy metalruthenium (Ru) complexes are expensiStidies have shown that there is
not enough Rupresentin the world for this technologyto meet our energy needs.
Consequently after thetransparent conducting oxidd @O) substratesthe ruthenium
sensitizer is the second most expensive component in D&&@facturé’ There is
thereforea need to develop new precious médtaé dye sensitizers that can replace the

traditional ruthenium sensitizer

The objectives of t#h present research aceidentify and optimize candidate materials for
DSSCs which areeadily available, costffective, sustainableand capable of showing

comparable performance to platinum and ruthenium based DSSCs.

Researchers are workingith various approaches and materials in order to replace
platinum in DSSCs, such as G¥S**** and composites of different conducting
polymers*****4 There is also a great deal of reseatethas been done on carbonaceous
materials such as grapHité®, carbon blacK, activated carbdft*®, hard carbon
sphere¥, carbon nanotub®s>3 fullerené* and graphen&*® A summary of DSSCs
using these materials is givenTiable 1. These materials are very attractive to replace
platinum because of their low costgh electrcal conductivity, corrosion resistante |,
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and high electrocatalytic activity for triiodidé°®>® Among all these, arbon nanotubes
(CNTSs) have recently attracted attention because of their catalytic properties, high surface
area, and higlelectrical conductivity and may therefore be a potential candidate as a
redox catalyst®*>®***°CNTs may improve mechanical and environmental stability while

enhancing conversion efficiency.

Carbonaceous Voc Jsc FF h
_ Dye Electrolyte 5 Ref
Materials (V)  (mAlcm?) (%) (%)
Sheet N719 T/T 0.634 12.9 50 4.8 45
Graphite  gpeet N719 Wi 0.717 6.2 53 2.3 45
Paste N719 /15 0.794 12.7 62 6.2 46
Carbon Paste N719 /15 0.790 16.8 68 9.1 47
black
Activated Paste N719 /15 0.6 5.4 51 1.7 48
carbon Paste N3 /15 0.808 7.9 61 3.9 49
Hard carbon
Fullerene Film N3 Wiry 0.410 2.1 19 02 54
GNP
o Y123 Co (/)  0.878 14.8 72 94 55
m
Graphene D35  TJT 0663 95 55 35 56
FGS D35 Co (I/ll)  0.813 8.5 65 45 56
N719 1/l5 0.737 13.4 69 6.8 56
MWCN
Carbon N719 Wiry 0.740 16.20 64 7.7 51
nanotubes T Paste
Paste N719 I/l5 0.588 10.9 65 42 52
CSCNT N719 TIT 0.610 14.25 67 5.8 53

Table 1. DSSCs with various counter electrode carbonaceous materials.
In terms of dyesprganic dyes have attracted researcirergcent years. This isecause
of their variety of molecular structures, high molar extinction coeffisjdotv-cost and

simple and environmentally friendly preparation proeestn the last demde, many
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investigations onp-conjugated molecules with dori@cceptor moieties, such as
indoline®™, triphenylamin and coumariff, have been conducte®ligothiophenes and
their derivatives are alsp-conjugated systems and have attradtesl interest of he

scientific community as new series of metale dyes in DSSC¥

1.4. A NOTE ON THE SUSTAINA  BILITYOF PTAND RU

1.4.1.Calculations for Pt

Let us consider a solar cell module (efficierc$0%) that has 10 nm of Pt on its counter
electrode and is illuminated undeverage useful solar irradiance of 200 \&//in order

to meet the average global energy consumption (184, this would require a total
170 kt Pt as shown below:

pa ., G@uLpTQQ
< o pnppna - epxRE QO

PH P TTW

Annualproduction ofplatinum is 18a whereaknown reservesf platinumare 30 kt

Platinum cost (dollar per peatkatt) can be calculated as given below:
Pt price on October 20, 2013 is USB00 per troy ounce ($ 880/kg) and this gives
pa CARULU PTMQQATULVTTTU® TTA
!— r <, o, e 3
Tt p Tt a QQ ~ w

b p 1A
1.4.2.Calculations for Ru

Similarly, for the same module having 2x1fhol/cnt dye loadin§®, the amount of Ru
required to meet the average global energy consumption (£%#f0an be calculated
as shown below.

pd Géaprmwd pmo pQQ
cnax pnp° P TaE Ta a4 € a p o

PH pTTW

epoRE YO
Annual production of Ru is 15ithereaknown reserves are 5 kit.
Ruthenium cost (dollar per peakatt) can be calculated as given below:
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Ru price on October 20, 2013 is USD 57 pey wance ($ 1900/kg) and this gives
ph ndédpn&)d pTR pPQQ ApoognSIQA
cnaw pnb S P Ta Ta Gt apnfon QO° o

These calculationsave shown that the main challenge is the sustainability of Pt and Ru.
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CHAPTER 2 STRUCTURE AND W ORKING

PRINCIPLE S OF DSSC s

In this chapterthe technology bthe dyesensitized solar ceDSSQ is introduced
starting with a short description of the operating principles of the cell. After this, a more
detailed look is takerat cell operation in light of the key steps of phattigic
conversion, as welhs the other important fundamental operational aspects of the cell
physics and chemistrAt the end of this chapter, important parameters that determine
theperformance of DSS€are also discussed.

2.1. STRUCTURE OF DYE -SENSITIZED SO LAR CELL
(DSSC)

A DSSC generally contains four main elements: a photoarsodge-sensitizer, ahole
transportelectrolyte and a counter electrode. The photoanode is a thin nanoporous layer
of annealed Ti@supported on transparent conducting oxide (TCO) glass. Dye molecules
such as ruthenium bipyridine derivatives, which are sensitive to the visible light region in
the solar spectrum, are attached chemically onto the semiconductor eledthede.
counter eletrode consists oA TCO coated with a catalyst layeypically platinum.

There is electrolytdypically containing thel/l3” redox couplein between these two
electrodes. A schematic structure of DSSGhown inFigure 21.
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Electrode

Magnified View

Figure 21: A schematic structure of dysensitizedsolar cell (ot to scale)

2.2. OPERATING PRINCIPLE O F THE DYE -SENSITIZED SOLAR

CELL

Figure 22 depicts schematically the regenerative working cycle of thesdgsitized

solar cell. Upon absorbing photon, an electronis excited fromthe highest occupied
molecular orbital HOMO) level tothe lowest unoccupied molecular orbit&lUMO)

level of the dye molecules. This excitation leads to electron injection from the excited
state of the dye molecd€S*) into the conduction ban@B) of TiO,. Subsequently, the
injected electrons pestate throughthe TiO, and are collected by the TCO. These
electrons that pass through the external circuit come to the counter electrode and take part
in the reduction of triiodid€ls) to iodide (I') ions The iodide ion in the electrolyte
donates an electraio the oxidized dye molecid€S") which is reduced to the ground

state (§).
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Figure 22: Schematicepresentation dhe operating principle of DSS(hot to scale)

The operating cycle can be summariasdjiven below

S+ - S (2-1)

S- S+e(TQ) (2-2)

e (Tig)- e(TCQ (2-3)

‘0 ¢Q 060 00 (2-4)

2S5 +31° - 28 +| (2-5)
Overall cycle:

hv - electricity

(Absorption)
(Electron injection)
(Electron transport)

(Triiodide reduction)

(Regeneration of dye)

Due to the energy levgositioning in the systenf{gure 22), DSSC producepotential

differencebetween its electrodes. Under ogarcuit condition,the difference between

the conduction band edge of the Tehd the redox potential of the redox ptaudefines

the maximum photovoltage that can be obtained from a $$8is is the maximum

potential energy difference through which the electron travels.
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2.3. DSSC AND CONVENTIONALP -NJUNCTION SOLARCEL L

As the DSSC has different structure and componenk&ma conventional m junction
solar cell, the operation of the DSSC is also different in many resfreatsthe pn

junction solar cell that can be discussed as follows

1 In aconventional solar cell, light absorption and charge transport takes place in
the same material, but in the DSSC these two functions typically happen
separately, i.e., dye molecules absorb light and charge tramsmaontsin TiO,
nanoporous film electrode and electrolyte.

1 Thedepletionfield across the junction is responsible for charge separatiap-in
n junction cell whereas no such lerange electric fields exist in the DSSC as the
individual particle size of Ti@is too small to form space chartgger and also
any existing electc fields are screened out upon contact with electrolyte.

1 In aconventional cell, the opposite charges produced travel in the same material,
while in the DSSC, electrons percolate in thenporousTiO, network and

fihole® move in the electrolyte.

2.4. RECOMBINATION PROCESSES/L OSSES

Recombination processes decretiseefficiency of the DSSE The most probable and

common losses are shownHigure 23.

Recombinatin of electrons with oxidized dye molecsile
e (Tig)+s" - 8 (2-6)
Recombimtion of electrons with the todide speciesn theelectrolyte:
2e (Tig)+1, - 3l (2-7)
Recombination oélectrons fronbareTCO with the triodide speciesn theelectrolyte:

2e (TCO+ | - 3l (2-8)
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Figure 23: Recombination processes in DSS®@{(o scale)

DSSCoperationis discussed in more details in the following sections. This is discussed

in terms ofenergeticand kinetics
2.4.1. Reaction 1 (Absorption)

Dye molecules absorb phowdue to an excitation between their electronic states
Figure 24. This excitation is of metdo-ligand charge transfer (MLCT) in natur€his
promotes electrons from the HOMO level to the LUMO level of the molecular ground

state®’
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HO™ ~O

Figure 24: Charge transfer processes betwaeye sensitizer molecule and the FiO

layer: (1) MLCT excitation(2) Electron injectionand (3) Charge recombination.

The kinetic competition between electron injection and excited state decay of the dye
molecule to its ground state has a strong correlation to the overall performans&6f D

For an efficient DSSC, theate of the the injection process should be much faster than
that of the decay of the excited state of the dye to the ground&teéean be explained

in terms ofthe excited state lifetime of the dye, which for typiRalcomplexes is 2®0

nSGB

2.4.2. Reaction 2 (Electron injection)

One of the most amazing findings in DSSC is the ultrafast injectitimeaiectron from
the excited state of dye molecule to the Ji€nduction bandCB). Although the
detailed mechanism of thiejection process is yet not understood completilgre is a
consensus in scientific community that this process takes prateefemtosecondime

scalefor the Rubased complexds’®"*7?

Mechanism of electron injection depends upon factors sucleaddbtronic structure of
the dye and the matching of excited dye moleculetb@@B of theTiO, energy levels®
In comparison to silicoibased technologythe electrolyte ina DSSC has high

concentration of charge carriers (ions) that adequately preévemtresence of any of

20



macroscof electric fields. Therefore,harge separation solely takes place due to the
intrinsic energetics of the different species at the/iige/electrolyte interfaceThe
excited state othe dye molecule must be more reducthgnthe TiO, conduction band
in order to inject electrons efficientlgr in other words, the excited state of dye molecule
(i.e., LUMO level) should havéower electron affinity relative tdhe conduction band

edge of TiQ™*, thus favoring electron injéon to the TiQ.

The positioning of energy levels between the dye molecule, conduction band edge of
TiO, and the redox potential ahe electrolyte is a primary mechanism for charge
separation in DSSC. In order to separate elestod holes, the LUMQ@evel ofthedye

should be above the conduction band edge of the dn@ its HOMO level should be
below the redox potential of the redox pair iodide/triiodide in the electr@gtshown in
Figure 22.

There is no macroscopic electric field inside theffitn, but there is an electric field at

the TiCQ/electrolyte interface due theé adsorbed dye moleculesipical dye molecules
generally have carboxylic group€OOH) and they release protons while binding to the
oxide surface of Ti@ These protons along withe cations inthe electrolyte become part

of the oxide surface. The potential difference across the Helmholtz layer formed between
negatively charged spies and the cations is estimated to be approximately 0.3 eV, and it

helps to separate the charges as well as to reduce recombffation

Besides the favorablenergetics for charge separation, there are also entropic fattors
work. In the nanoporous Tifilm, the density of delocalized states is comparatively
large tothe small number of dye molecules on the T&Ddirface. Under this condition, an
increase irentropyoccurs following electron injectiorTherefore the electron injection
process can be associateith this entropy change. This change in entropy also facilitates
the charge separation #te dye molecule/TiQ interface by providing gpotential
differenceof ~0.1 eV/"”
The dectron injection process competes wiitie decay ofthe excited state ofhe dye to
its ground state. Thus, injection of electron to Jmust be fast in comparisamth dye
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molecule decay. Typicdalme scaledor dye moleculeexcitation decare in the range

1071 10*° second The rate of electron injection depends on a couple of factors such as
the electronic coupling between the LUMO tbfe dye molecule and surface e TiO,

and also on their relative energetics. Studiase shown that such charge separation

occurs on a I6-10*? second time scalé’’
2.4.3. Reaction 3 (Electron transport)

At the time ofthe discovery oDSSG, maype the most ambiguous concept was the
highly efficient charge transport through the nanoporo@s Tayer. In contrast to their
compact analogues, the nanoporous electrodes are very different due to (i) zfiemTiO

is inherently of very low conductivity, (ii) the individual colloidal particles are very small

in size(~20 nm) so they prohibita built-in depletionfield, and (iii) a junction of large
contact area is produced by the interpenetrating networks formed by the oxide
nanoparticle and their pores that contaihe electrolyte. Although the charge transport
mechanisms in DSSC have been stugiettnsively these are still under keen deb&te
798081.828384858687 T4 explain electron transport, various mechanisms and models have
been proposed including a diffusion md&é&i®®®, a model that deals with tunneling
through potential barriers between the partfélea trapping/detrapping modg&f*2>8¢,

and an insulatémetal transition modél

As already mentioned above, the small size of the, Ti@rticles prevents built-in
electric field inside the film, thus eliminating any considerable drift component of these
processes. The transpoftadectrons occwdue to diffusion processes that arfiom the

electronic concentration gradient in nanoporous, &%

Studies have also shown that transport of electrons depends upon the incident light
intensity®* The diffusion coefficient of electrons depends on the electron -feasii

level under illumination. These finding are explained using a multiple trapping (MT)
model®2%3%49% |n this model, these electron traps are localized energy states just below

the comuction band edge of the Ti@nd they play a significant role in the electron
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transport. The origin, nature and location of these traps in &r© still a subject of
discussion. The electron diffusion coefficiestalso affected bythe particle size of
TiO,.”% 97 As the particle size irthe nanoporous layer of TiQncreasesthe roughness
factor of the layer is reducedand thisultimately increases the diffusion length of
electrons due tareduction inthe number oburfacetrap states’® (The oughnesgactor

is the ratio of total actualurfacearea to the geometric ajea

The gometry ofthe TiO, nanoporous layer also plays a very critical role in terms of
electron transport through®t The path of the electrons becomes excessively lengthy and

complex h more porous films thus resultiimyslow electron transport.

In DSSCs, charge collection depends upon the kinetic competition between the transport
of injected electrons irthe nanoporous semiconductor layer atige recombination
reaction of these electrons with the redox species in electaiytéth the oxidized dye
molecules In order to collect charge efficiently, electron transport musnhbeh faster

than recombination. UWter solar irradiation, typical electron transport times are of the

order of millisecond$®%°?

2.4.4. Reaction 4 (Triiodide reduction)

In normal DSSCs, reduction of triiodide to iodide takes placthetounter electrode
(reaction 4). For high performance DSS@x catalytic activity ofthe counter electrode
must be high for this reaction in order to have low guatential (energy loss). Platinum

(Pt) is commonly used as a catalyst in counter eledrbdeause of its high catalytic
activity for triiodide reductin. The charge transfer reactiontié CE gives rise to a
resistance that is known as charge transfer resistange TFis resistance at
CE/electrolyte interface and the diffusion constants of triiodide are crucial parameters for
highly efficient DSS@.'%%1%31% |deally, Rer s hou |l d b é to Gvbid iopportamh
energy losse¥® A bad counter electrode reduces tfik factor of the ¢ e | curfest

voltage (}V) characteristicsultimatelydecreasingts overall efficiency.
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Diffusion is the main transport mechanism of the redox couple between the electrodes of
the DSSC. In order to minimize the effect thie electric field and transport by migration,
electrolytes with high ionic conductivity should be used. &®iscouseledrolyte, such

as ionic liquids, diffusion coefficients can be too smalhtaintainthe requirediux of

redox coupleoward electrodeghus affecting the photocurrent of the DSST
2.4.5. Reaction 5 (Regeneration of dye)

The electrolyte in the DSSC is commordy organic solvent having thél§ redox
couple that plays a crucial role in reactions (4) and (b)islproduced at the TiO
electrode, while’lis produced at the counter electrpet these are consumed at the
corresponding opposite electrodesother words, the electrolyte feeds reactions (4) and
(5) with redox couple at the electrodes while maintaining the redox potential in the bulk
of the electrolyte. The reduction of the oxidized sensitizér lf$ iodide followsa multi-

step reactiomechanisnt®

Electron transfer from™linto the oxidized dye molecule is one of the main processes
needed to achieve effective charge separation. The eldcarmsfer rate was estimated to
be 100 ns using timeesolved laser spectroscdPy which is much faster than that of
charge recombination between injected electrons and oxidized dye msldduls, this

fast reaction also gives rise to effective chaegmasation.
2.4.6. Reactions 6, 7 and 8 (Recombination)

There is a possibility that electrons tine TiO, nanoporous film can recombine with
either oxidized dye molecules or triiodide in the electrolyte as these electrons are always

within a few nanometers distamof the semiconductor/electrolyte interface.

Reaction (6) isa very slow reaction as compared to electron injection in,.TR2action
(7), recombination of injected electrons in the Fw@th the triiodide ion at the interface,
also known as dark currens one of the undesirable processes in the DSSC. This process

is much more probable than process’{@Recombination (reaction 8) could also occur
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on the tansparent conducting oxide (TCO)ths TiO; film may not fully cover the TCO.
However, studies have shown that this effect is small and negligible as pkteaim

TCO has very poor electrocatalytic activity towatisiodine/triiodide redox systefif

Reaction (6) must proceed slowly as compared to the electron injection and regeneration

of dyes in order to have significant charge separation.

The kinetic of reaction (6) follows a multiexponential time law, taking place on a
microsecond to millisecond time scale comparetb ultrafast electron injectiof?®° It

depends othedensity of electrogsin the semiconductor and the intensity of light.

Recombimtion of electrons in Ti® with triiodide in the electrolyte is usually
characterized byhe electron lifetime. Long lifetimes {20 ms) are observed with the |

/I3 redox couplainder 1 sun light intensity.

2.5. PERFORMANCE EVALUATIO NOF DSSC

One of the standard characterization techniques of solar cells is to measure current
densityvoltage (dV) curves under standard illumination and temperature conditions. A
circuit and aypical }V curvefor a photovoltaic cell arshownin Figure 25 andFigure

2-6, respectively In Figure 25, Jc represents photocurrent sources iR the series
resistancencluding charge transfer resistances, ionic transport, and resistive losses in the
electrodes,and R is the shunt resistae andit is attributed to the recombination
processes in solar cells. These two resistaaifestthe shape of the'J curve.Analysis

of the 3V curves includes the determination of the following parameters:

2.5.1Short-circuit current density (Jsc)
This is the maximum current density produced by the &gllis measured at an applied

potential of zero voltlscis a function of the illumination intensity.
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2.5.20pentcircuit potential (Voc)

This is the maximum voltage produced by the cell, measured when the current in the cell
is zero. Theoretically, opetircuit corresponds t@an almost flat band condition. la
DSSC, itis mainly determinedy the difference betweelRermi level of TiQ andredox

potential of the electrolyte.
2.5.3 Maximum power wint (MPP)

The point in the <V curve yielding the maximurabsolute value ahe product of current
density and voltage, i.e. maximum power denfRy,y), is called the maximum power
point. It corresponds to the area of the largest rectangle that can fit inside the JV curve of
the cell, as shown iRigure 26.

2.5.4 Fill factor (FF)

FF is the ratio of the maximnu power density to the product of shoitcuit current
density and opeunircuit voltage:

FF = ‘]MPP'VMPP

‘JSC'VOC

This parameter indicates the deviation of the measukédhharacteristic fromdeal 3V

characteristics.

Figure 25: Circuit of a typical photovoltaic cell.
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Figure 26: Typical shape of the-V curve of a photovoltaic cell
2.5.5Power conversion efficiency )

The power conversion efficiendescribes theverall performance of the solar cell and
is defined as the maximum power produced by the cegli(Rlivided by the power
incident on the active area of the celligR):

Efficiency () = P

Light

In order to compare results from varidaboratories, standard measurement conditions
have been developed. Under standard conditions while testing solar cells, the light
intensity should be 1000 W/nthe light source should have spectral distribution of that
of AM1.5 G solar spectrum, and tkemperature of the cell should be 25°C. The power

output of the solar cell at these conditions is the nominal power of the cell.
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CHAPTER 3 BACKGROUND ON CARBON

NANOTUBES (CNT S)

This chapter deals with the structure and general background of carbon nanotubes
(CNTs).Well known synthesis methods aisodiscussed in detail.

3.1. CARBON NANOTUBES (CNT S)

Sumio lijima, an electron microscopist working at the NEC laboratories in Japan
discoveredullerenebasedCNTs in 1991 during ardischarge synthesis ofs6£° Since

then, a tremendous amount of research has been conducted to explore synthesis
routes/methodsand many differentapplicationsdue to theextraordinary propertiesf

CNTs

Thereare a variety of carbon nanotubedut only two have been studied exdamly,
namely sgle-walled carbon nanotubes (SWCNTSs) andiltitwalled carbon nanotubes
(MWCNTSs). SWCNTs consist of a single graphene sheet dfcspalently bonded
carbon atoms seamlesghyined asa cylindrical tube typically 0.7-10 nm in diameter.
SWOCNTSs can be either metallic or semiconducting, depending thpodirection about
which the graphene sheet is rolled to form a cylindescribed by the chiral vectaty).
Various types of SWCNTs are shown kigure 31. Types of SWCNTs can be defined
using a pair of integers (n, m) in their lattice representaliobe.CNT is of thearmchair
typewith n = m, zigzagvith n = 0 or m = 0 and chiral for all other (n, m).

Ch=nas+mal n( m), (n, m aOendntegers, O

The diameter of the CNT can be calculated using the chiral indices according to

QI 00 a QA QELQ H —————
F8F + € a ¢€a

wheread 2 A id ®lattice constant slightly greatlan typical GC bond lengtH**
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Figure 31: Unrolled graphite sheet to construct CNT with chiral ve€ipanda; anda;

are unit vectorsT is the translational vector of nanotudred @bis the chiral angfé™.

MWCNTSs, whichtypically have larger diameters, consistaafaxiallayers of graphene
bonded togethethrough van der Waals forceSheir lengthscan vary from several
microns to millimeterstheir properties are different than those of the SWCNTFsr
instance, MWCNTs are mostly metallic but SWCNTs can be either metallic or

semiconducting*?

3.2. SYNTHESIS ROUTES / METHODS

Several ways he been explored to syrekize CNTs. Aralischarge, lasesblationand
chemical vapor deposition (CVD) are well known and are of widespread\n overall

description of each of these is given in the following sections.

3.2.1. Arc-discharge

The aredischarge method is a procassnghigh temperatuieto produce CNTSs. Ithe
arcdischarge method, an arc is ignited between two electrodes, typmcatlg from

graphite in a gaseous environmeseeFigure 32. Carbon is evaporated due to arging
29



cools and condensestimeform of filamentous product that is comprised of mulélled
carbon nanotubesWith modification, singlewalled carbon nanotubes can also be

produced using this method.

“Buffergas

Cathode Angde

Figure 32: Schematic digram of an ardischarge system

3.2.2. Laser Ablation

In the laser ablation methgdeeFigure 33, an intense laser beaiNd:YAG laser beam,

for instancé’® is directed at a carbon surface, typically graphite in a gaseous
background. The evaporated carbon condenses on the cold finger (collector) in the form
of CNTs. By controlling the prass parameters, CNjleld and diameter digbution can

be controlledFor bulk production of CNTSs, this method is not appropriateitsubther
features such as CNJuality, diameter control and their distribution makes this a good

choice for SWCNT samples for varioladoratoryapplications.

CNTs produced by laser ablation are uniform in diameter, in the form of bundles
consisting of hundreds of SWCNTs having diameft& 8 nm and tens to hu

length™4+°
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Figure 33: Schematic digram of a laser ablatiosystem
3.2.3. Chemical vapor deposition (CVD)

In CVD, volatile precursors are usembk carbon source to a catalyst at gwth
temperature®f 500°G1200°C (Figure 34). Types of CVD methodénclude thermo
chemical CVD and plasma enhanced CVD etc. In a typical CVD prazeadyon source

gas decomposesaturates on the catalyst particles and precipitates to form carbon

nanotube.!'®

Furnace Tube

(500°C-1200°C)

/

Catalyst

C H

nom

Figure 34: Schematic digram of a chemical vapour deposition system

In 1988, Endofor the first time, synthesized carbon nanotubes using catalytic
decomposition of benzene vapors oaariron catalyst at 1100°**’ Since alot of work

has been done on the growthsinglewalled and multwalled CNTs over supported
catalysts or with floating catalyst§!19120121122123 cNTs diameters can be modified by
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controlling the catalysparticle size. Transition metals such as Fe, Co and Ni and their

alloys are well known catalystor CNT growth.

3.3. VERTICALLY -ALIGNED CNT s (VACNT S) GROWTH

The CVD method is widelyiseddue to its simple process, relatively low temperature
requirement, lowcoss and largescale capability. In addition, CVD has been successfully
used to grow relativelpure and aligned CNTg*!#312¢

Extensive literature is available for growing verticedljgned CNTs?’ Here some of the
methods of interest are discussed. One method is to use ethylene as a carbon source gas
with ammonia and argon as process gases on gasitstrates. In this case, iron is used
asthe catalyst with a growth temperaturef typically 720°C. Another method to use
carbon monoxide as a carbon source géth hydrogen and argon as process gaseb
invar, an alloy (Ni:Co:Fg as a catalyst at 580°Qet another methods a modification

of the above, with methanol used as the carbon source instead of carboxideono
Finally, awell-known and popular method to produce vertically aligned CNT forest of
longer heights is the stalledwater assisted methdéf In this method ethyleneis used

as carbon source gas with hydrogelnO and argon as process gases. Iron on alumina
was used as catalyst on various substrat&@$0°C. These procedures are discussed in
detail in chapte#.2.3.

3.3.1Growth mechanism of CNTs

CNT growth mechanismare underinvestigationandarenot well understood. However,
an extensive amount of work has been danewhich a number of hypotheses are
proposed by the scientific communityhe wide variety ofgrowth conditions make it
difficult to propose a single mechanism of CNjfowth. Thereforethe true growth
mechanismmay bea combination of these proposed growth hypotheBes proposed

mechanism can besummarizedsfollows:
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1 While adsorbing on theurface of catalyst nanopatrticles at elevated temperature,
hydrocarbon molecusedecompose and result in the formation of hydrogen and
carbon species

1 Hydrogen desorbs whilecarbon spece diffuse through oron the catalyst
nanoparticles.

1 Diffusing carbon specie precipitate on the opposite surface of the catalyst
nanoparticles crystallizng into a cylindrical graphene network without any
dangling bonds. Hydrocarbon decomposition is an exothermic process while
carbon crystallization is an endothermic pixe Thus,the growth process

continues due to the heat gradient.

There are twacommonmodesfor CNTs growth,tip-growth mode and basgowth or

rootgrowth mode.

In the tip-growth mode seeFigure 35 (upper) catalyst nanoparticles detach from the
substrate de toweak catalystsubstrate interaction. Catalyst nanoparticles move along
with the growth processemairing at the tip of thegrowing CNTs. This growth praess

continuesas the catalygbp is available for hydrocarbon decomposition.

In basegrowth modeFigure 35 (lower), catalyst nanoparticles remain tre substrate
due to strong catalystubstrate interactien Hydrocarbonmoleculesdecomposeand
carbon diffusesas inthe tipgrowth mode The precipitation processhowever differs:
catalyst nanoparticlegrenot able to detach frote substrate and hence, carhaitially
crystallizes ouasa hemisphere cap foll@d by the formation of graphitic cylinder of

CNTs leaving behind catalyst nanoparticles on the substrate.

Catalystsubstrate interaction is related to the wetting property that depends upon the
contact angle of the catalyst with substrate at the elevated temperature. Nevertheless, this
interaction depends on catalyst and substrate matefifls. sze of the catalyst

nanoparticlesleterminesvhetheMWCNTs or SWCNTsareformed *?°
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Figure 35: Schematiaepresentation of CNT growth mechaniship-growth (upper
figure) and basgrowth (lower figure).

3.4. 2-D CNT THIN FILMS AND THICK PAPERS

An alternative approach is to make tdimensional CNT thin films and thick papers
using the CNTs grown from methods described in previous se&hm.thin films and

thick papers consist of randomly oriented CNTs held together by van der Waals
interactiors. Thin films of CNTs having thickness in the range of10D nm exhibit high
optical transparency and electrical conductivapd thus havehe potential to replace
transparent conducting oxide electrodes such as indiuroxiite (ITO)30+34132133
Furthermoe, thick CNT nanoporous films (Buckeypapers) can be used as electrodes for

super capacitors, fuel cells, solar cells and battery applicafioiigt5+3

3.4.1Preparation of CNT Films

The most widelyusedpreparation methodtr CNT films are to disperse CNTia a
solvent, using ultrasonicatiourfactans or chemical modificatiomn may be used to aid
the processCNT thin films arethen prepared by evaporating éldispersion, spray
coating, spin coating, or vacuum filtratio¥**° Among these methods, vacuum filtration
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is a promising approachas it facilitates surfactant remdv&® Filtration also has many
other advantagessuch as uiform film thickness and easy control over thickn¥Ss
Nevertheless, procedures are needed to transfer these films from the filter membrane to

desiedsubstrate after filtratiaf®
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CHAPTER 4 EXPERIMENTAL METHOD S

This chaptercan be divided intdour portions.The first portion describethe fabricaton

of Pt counter electroddSSCs with ~10% efficiency. This includes stdyy-step
modifications in cell designfabrication procedures and device characterizatiorthdn
second portion, all experimental work related to CNTs including fyaithesis and their
applicationin counter electrodeof DSSG is presented. The third portion deals with the
work done on nanaoygstalline cellulosgNCC) and its application as a catalyst in CE of

DSSCs.The fourth portion is about characterization techniques used in this work.

4.1. FABRICATION OF NORMAL DSSC

4.11 Preparation of photoanode

4111 Substrates

Glass coated withfluorine-doped tin oxide KTO-coated glass TCO2215) was
purchased from Solaronixthese were cut int@.5 cmx 2.5 cmsubstrates. Ethanol
(nominally 100%) was purchased from Commercial Alcohols Inc. Before; TiO
deposition, the substrates were cleangidg the following procedure

1 Sonicated in detergent for 2 minutes

1 Rinsed with DI water

1 Sonicated in DI water for 10 minutes

1 Rinsed with ethanol

1 Sonicatedn ethanol for 15 minutes and blow dried

1 Cleaned inoxygenplasma etchefor 1 minuteat 200 mTorr, 2% W and oxygen

flow rate of 20 sccmwhere sccm is standard cubic centimeter per min@ee

standard cubic centimeter of gas is definecP@tahd 1 atm.

4.1.1.2 Depositing the TiO , layer

Porous nanocrystalline TiQayerscan bedeposited by tape castitgchniqus™, screen

printing**? or spray painting*® SubsequentlyTiO, is snteredat 450°C for 30 minutes.
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Nanoporous Ti@ films havehigh specific surface areasypically a factor of 1000
larger than the area of the film. Thi®rosity facilitates dyeuptake. TiQ nanoporous
films typicallycontain amixture ofsmallsize (20 nm) and large si£250-300 nm)TiO,
nanoparticlesTheselarge particlesscatter photonsgito the plane of the filjmwhich in
turn improve lightharvesting efficiency by increawj the average path lengthat a

photon travelshrough the film.

In this work, TiQ paste (18NRO) was purchased from Dyesol Limited. Titania pdmste
30 wt% TiG loading. It consists of 20 wt% &0 nm and 10 wt% of 200 nm anatase
nanoparticlesThe TiO, layer was deposited on F¥&dated glasdy screen printing
usinga 43thread/cm mesh. Initiallythe area of TiQ layer was 1 creduced to 0.04
cn? in later cells, as discussed belomhich also defined the area tife DSSC. After
screen printing, e phot@anodewas calcined in air in a Lindbergh furnace with the
following program

! 10°C/ minute to 108C

f Hold at 100C 20 minutes
9 20°C/ minute to 458C
1

Hold at 450C 30 minutes and cool down to room temperature

When completed, the filshad a bonavhite colour. The thickness tifie TiO; film was

12 um.The poperties of the nanostructured Ti€lectrodes are crucial for the efficiency

of the DSSG. Controlling the morphology and interfacial properties of the ,TiO
electrode is critical tpreparing high efficiency DSS®or example, the internal surface
area of the film determines the dye uptake, the pore size distribution affects ion diffusion,
the particle size distribution determines the optical scattering properties, and the electron
percolation depends on the interconnection of the,Tp@rticles™** The scattering
properties of the film arémportantfor light harvesting efficiency of the filnonce a
monolayer of dyas depositedn it. Efficient light harvestingcan be achieved by ugn

mixture of larger and smaller Ti(articlesin the film.
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4.1.1.3 Dye impregnation of the electrodes

A monolayer of dye molecules is formed on the nanostructured &i€xtrode by
immersing the sintered electrode into a dye solution for a long encarghdgo fully
impregnate the electrode. The electrode is sensitive to moisture during the impregnation
process* In order to avoid moisture, the electrod®sld be warm before immensj it

into thedye solution.

A Ru-based complex calle3 dye(seeFigure 41) was purchased from Dyesol Limited.

A solution was prepared by sonicating 30 mg of N3 powder in 150 mL of ethanol in a
clean beaker with a Teflon lid for 30 minutes. The bath was protectiédopaque
covers. Before putting the electrode into the bath, the substrates were heated to 70°C in
order to get rid of moisture. The electrode was immersed for 24 hrs in the dye solution at

room temperature. The electrode was removed from thesolygion and rinsed with

ethanol.The dyed TiQ layerwaspurplein colour due to dye absorption.
O._OH

Figure 41: Structure of N3 dye molecule.
4.1.2 Preparation of counter electrode

Platinum was used as a catalyst for triiodide reductibwas deposited on indium tin

oxide (ITO) substrateusing sputteringat 50 W DC in~ 0.85 mTorr agon gas The

platinum layer was very reflective and it was expected that it increased conversion
38



efficiency by reflectng light back to photnode furtherincreagng the probability of

photon absorption.
4.1.3 Sealing the cell and filling of electrolyte

Thermal adhesive polymer sheets suchSas r | yn (25 Om anwere60 &m
purchased from Dyesol Limited andere used as a sealing material. A serigfs
modifications were performed to optimigee sealing and filling procedur8urlyn was

cut to fit around the Ti@layerasshown inFigure 42 (a-d).

: FTO FTO FTO
FTO l
@:‘3 Surlyn t#:: surlyn Surlyn .:H‘T} SUI'Iyn
Ti0, Layer Ti0s baver Ti0, Layer i Ti0, Layer
(a) (b) (©) (d)

Figure 42 (a-d): Various modifications in cell design

Finally, the sealant design shown Kigure 42 (d) was used. This was the most
preferable design as it facilitated both filling and sealing. To use this design(G\Glgs
mm in dia.)were drilled in ITO counter electrodes before platindepog&ion using

diamond drill bits.

In the optimized sealant desigrSurlyn wasplacedon the photanodeand the counter
electrode was put on it in such a way that the platinum and fac2d each othesee
Figure 43. This unit was placed on a hot plate at 120°C for 1 minute under a small mass
of 0.45kg. A good seal should have no bubbles, look transparent and be difficult to pry

apart once cool.
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Cover slip Surlyn

FTO-coated glass N /
Hole

7 Sensitized TiO, layer
Surlyn —_—a

/

Figure 43: DSSC assembling (cresgctional view, not to scale).

FTO-coated glass

Electrolyte (EL 141) was purchased from Dyesol Limited. The electrolyte was filled
through the drilled holes othe counter electrode with a micropipette. A good filling
should not have any air bubbles. After filling the cell with electrolyte, it was wiped with
acetone to remove any electrolyte on the outside of the cell. A piece of Surlyn and a piece
of glass cover slizvereused toseal the fillingholes This final sealvas made by heating

and applying pressute the cover slipusingasoldemng iron.
4.1.4 Further modifications to the cell design

Modifications were also performed to optimike cell design and fabrication procedures
asdiscussed below
1 After screerprinting the TiQ layer, it was left under ambient conditiotusflow

for some time with the airaof reduang surface irregularity ofhe TiO, layer.

1 In DSSG, dark current is produced due to the recombination of charge carriers by
reduction of § at the dyefree sites at the TiDparticle surfaces or the FTO
surface. This results ialoss of photocurrent. In order to reduce the possible dark
current at the TCelectrolyte interface and further improve the specific surface
area of the TiQ electrale, a TiQ (particles size 20 nm) underlayer was
introduced between the TCO and sween printediO, layer. This layer is also
called a blocking/compact layer. Ti§(Aerodisp, W740X) was purchased from
Evonic Degussa Corporation as a dispersionin®ltwe r .  Thi s | ayer
deposited by spin coatingt 1500 rpm for 1 minute. After spin coatinthe
electrode was annealed for 6 minutes at 125°C on a hot Blalbsequentlyit
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was calcinated in air at 450°C for 30 minutes prior to screen priafitite TIG

paste overlayer. The phatoodedesign is shown ifigure 44.

FTO

,7 Blocking Laver
( Spin-coated TiO, )

Glass

Screen Printed TiO, Layer

Figure 44: Photanodewith blocking layer

1 Exposureof cell area under illumination

It was also found that while testing DS§@he full cell area (1 crf) was not
exposed under the sun illumination due to limitation in our testing setup. In this
case, the unrexposed area was contributing dark current into the bvera
photocurrentthus decreasing the overall efficiency of device. In order to exploit
maximum performance of device, DSS@ith smaller area (0.04 dndefined by
2mm X 2mm printing screen apertunggre fabricated and fully exposed under
AM 1.5Gillumination.

M1 TiCl,treatmenbf theTiO, electrode

Following calcinations, theTiO, electrode was treated with TiColution the
photoanode was soaked in #M TiCl, aqueoussolution at 70°C for 30 min in
an oven. After this, it was rinsed with DI water antaetl| respectively and
blow dried. It was again sinterad a furnace at 46°C for 30 minutes. After
cooling to 80°C, the Ti@was immersed in N3 dye solutioBtudies have shown
that TiCl, treatment of the Ti@electrode improves the efficiency of DSEE
This treatmentincreases necking between Ti@articles that facilitates the
percolation of the electron from one particleatother that leads tanincrease in

photocurrent and hence the efficiencytleg DSSC
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4.2. CARBONNANOTUBES (CNT 9)

4.2.1Preparation of CNT thin films and CNT thick papers

Vacuum filtration of a suspension of dispersed CNTs is a common and convenient

method4al47

to prepare randomly oriented 2D networks with control of film area and
thickness. In addition to this, it also has the adwgegaof easy, rapid, solvefiee
detachment that further provides a simplistic method to transfer these CNTs films to
desirable substradeCNT films are promising materiafer useas electrodes because of

their low sheet resistance, transgarpropertis and flexibility.

SWCNTs were purchased froielix Material Solutions, IncThin CNT films were
prepared using a vacuum filtration procedtifeSuspensionof SWCNTs wereprepared

via ultrasonication of 0.05 mg/mL of SWCNTs in nanopure watet @ Mq c¢cm) wi t h
mass% sodium cholate (sodium cholate hydrate, 98%, Aldrich). Here, sodium cholate
was used as a surfactant. Carbon nanotubes that did not disperse well (clumps) were
removed by centrifuging first at 8000 rprand then 4000 rpmThe siperratant was
pipetiedout after each centrifuging step. Known volumes of the suspensions were diluted
with an equal volume of nanopure water. These were then vafiibered through
cellulose acetate filter membranes (Advantec, 47 mm diameter, 0.22 um peydosi
prepare thin SWCNT filmsin order to detach these SWCNT fgnfrom the filter
membranetheywererinsed and theaubmergedn nanopure water.

Similarly, thick papers were made by vacuum filterthg above suspension including
undispersed clumpsf SWCNTSs.

4.2.2Growth of vertical aligned carbon nanotubes (VACNTS)

directly on substrates

The objective of this work was to grow VACNTSs directly on FTO so thatuid be used

asacounter electrode in DSSC
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Chemical vapor deposition (CVWasusedto grow vertically aligned carbon nanotubes
(VACNTSs).*? In a typical CVD processvolatile precursor gases decompose on the
surface ofa substrate at elevated temperatuaesl recombine to produce the desired
material During this process, volatile byprodscare also produced, which can be

removed by flowing carrier gases through the chamber.

The CVD setup includes a Lindberg tube furnace (model TF55035A) having a simple
guartz tube (Technical Glass Products Inc., type 214, 1.D. 22 mm, O.D. 25 mm) inside i
as a CVD chambeseeFigure 45. The flow rates of all the gases used (Ar,sNH,, CO

and GH,, Praxair reagent grade) were controlled with calibrated flow meters.

@ : flow meter

H,0 ﬁ_\_ Lindberg TF55035A furnace

Ar

Bubbler
Exhaust
n Oil -«
1" quartz tube > >
H Trap
2

B —
GH, |

Figure 45: Schematic diagra of theWA-CVD apparatus setupr CNTs growth.

4.2.2.1 Carbon nanotube synthesis considerations and
challenges

VACNT growth depend®n many parameteiiscluding thetype of catalysts and their
patternthetype of substrateshe carbon source anthe etchant gases. These parameters
are interrelated; exeral studés havebeen done to explore these inteatEnships and

their trendslSO,lSL152,153,154,155

43



4.2.2.2 Methods of synthesis

There are many methods for synthesigiCNTs"%*® Typically, chemical vapor
deposition (CVD) and catalytic plasma enhanced chemical vapor deposition (PECVD)
are better than laseablation and arc discharge as only CVD and PECVD allow
controlled synthesis. The diameter of CSTan be controlled by the size of metal
catalyst nanoparticlesindtheir length can be controlled by the combination of process
gases, their flow rategrowth temperaturand time In this work, we used CVD for
synthesizing VACNTs. CVD methodgypically require high growth temperature (700°C
1000°C) for CNTsnot suitable for FTGsubstrate. Here, we haveptimized the CVD
method to grow CNTs on FTO &mperaturesf ~ 550°C.

42.2.3 Substrates

The substrate is a kegomponent in CNT synthesigterfacingwith the catalystand
interacting with the growth environment. Silicon/silicon dioxide is one of the most
commorty used substrats, although there aran almost infinite number ofpossible
choices. There are several concerns regarding the selection of substrate including
deposition of catalyst, incompatibility with catalyst materials, the gases invawed
growth temperatureOur initial substratechoicewas FTO This was not feasible, due to
seveal issues:
T I't candt withstand at duedomgasssoidning. es gr e a
1 In CVD at 720°C under flowing carbon source gases (hydrocarbon gases such as
NH3, C:H4) or even process gases,(Hhe sheet resistance of FTO becomes very
high andtin oxide is reduced to metallic tin
To address these issues, extensive work was done on different substrates for growing
CNTs directly on them such as silicon, quartz, aluminum alloy (60E&Master Carr),
stainless steel (318 cMaster Carr) and coppé&uil (McMaster Cary.

4.2.2.4 Catalysts

The growth of CNTs is controlled catalytically. The catalyst particle lsrbakds and
adsorls carbon at its surfacerhis carbonthen diffuses through or arounthe catalyst

surfacewhere it forms graphitic plangd’ Initially, iron has been used as a catalyst in this
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work, although other catalysts were also investigated includirand invar(Ni:Fe:Co =
42:52:6,(wiwiw)].

4.2.2.5 Methods of catalyst preparation

Catalyst particles can be prepared in many wagtiding physical vapor deposition
(PVD), electre and electrdess plating, and eprecipitation methods. The most common
method is to deposit a thin film of catalyst using sputtering or evaporation techniques and
subsequenthannealingt to form discrée nanoparticleghrough dewetting of the metal

In this work, where not otherwise statethe catalystvas deposited by electron beam

evaporatioror thermal evaporatiofrom tungsten filaments
4.2.3CNTs CVD growth Procedures

In this work, fow commonlyused CVD procedurd®r growing CNTs werenvestigated
and these are discussed in detail in the following sectddhparameters for each CVD

method arehe result obystematioptimization.

4.2.3.1 Method 1 (CVD growth of CNTs using NH 3 and C,H,)

Initially, SiO,/Si wafers were used as substrates and iron was used as a oat@NEl
growth of VACNTSs. Iron wa deposited using either sputteringtioermaland electron

beamevaporation techniques.

In the case of sputteringthe iron catalyst was sputtered @SiO,/Si wafer using a

Al i near outo mask in order to deposit a
for 500 Wmin overa distance of 76 mm. The argon flow rate was 7.5 sccm and chamber
pressure was 2.25 mToin case of thermal and electron beam evaporatiosjron

layer hasa uniformthicknessof 2.1 nm and 2.5 nymespectively.

After depositing iron orthe substratesthese wereannealed in @using rapid thermal
processg (RTP) at 550°C for 10 minutes. RT#as done using Modular Process Tech.
Corp. model RTR00S. In a typical RTP process, before heatihg, chamber was
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purged with pure oxygen (Praxair 99.999% research grade) at 10 L/min for 5 minutes.
The oxygen flow rate was then reduced to 2 L/min redsample was heated at 20 to
30°C/s to 550°Cwasheld at 550°C for 10 minuteandgradually cooled down to room
temperature using nominal cooling rates of 25°C/s with 10 L/rpifto@.**°

In this method, a typical CVD experiment has the following steps

Substrate was loaded into the center of the chamber and end caps were installed.
The chamber was evacuated-t60 mTorr.

The chambewaspurged with argon.

The chamber was flushed with argon at 300 sccm for 10 minutes.

Argon flow wasturned off.

NHs flow wasturned on at 420 sccm for 5 minutes.

NH; flow wasreduced to 70 sccm.

The furnace wakeated to 720°C at 1°C/sec.

The gstem was held at 720°C for 5 minutes before ethylene walsepened.

Ethylene flowwasturned on at 95 sccm for 20 minutes.

=4 =2 =4 A A4 A4 A5 -4 A -5 -2

Ethylene and NElflow wereturned off 2 minutes beforthe furnace began to
cod; at the same time argon flomasturned ormat 300 sccm.

1 The furnace lid was opened to allow the chamber to cool rapidly.

4.2.3.2 Method 2 (CVD growth of CNTs wusing carbon
monoxide and hydrogen)

The objective to use this method was to optintie2e CNTgrowth temperaturéo as low

as possible in ordeto grow CNTson FTO. \arious additional substratesvere used
(SI/SIO,, quartz, stainless steel, aluminum all@g well asvarious catalysts (Fe and
invar). Catalys materials were depositethyer thickness 6.5 nm) using electron beam
evaporation. Prioto depositing invar catalyst on quartz subssage35 nm layer of
chromiumwas ceposited For growth temperature optimization, a range of temperatures

(480°G-580°C) was consideredh€ detailed growth proceduneas as follows
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1 The ample was loaded intthetubef ur nace and then it was
mTorr.
1 The furnace tube was backfilled and purged with Ar (300 sccm) for 15 min prior
to heating.
The furnacewasheated tat80°CG-580°C at 30°C /minute.
When the desired temperatur@as achieved, Arflow was stopped and CO (80
sccm) and K (1270 sccm) were introduced to the furnace tube for 30 minutes.
When thefurnace begn to cool, H was turned off.

Ar flow was maintained until the furnace cooled down to room temperature.

During each run ofhe above pocedure, there was always a shiny layer deposited at the

intake end of the furnace tube portion (inner wallst inside the furnace. It was found

by XRD that it was a layer of nickel oxide (NiO). Upon further investigation, we found

that it was due ta process callethei Mond Processo in which CO
furnace tubingregulator filter and diaphragm wemeade of stainless steel) to form nickel

carbonyl at 50°&60°C, which thendecomposes intdli at 200°G250°C. Therefore, at

the quartz tbhe end which was insidethe furnace témperature580°C), we had Ni

deposited inside the walls of furnace tube.

4.2.3.3 Method 3 (CVD growth of CNTs using methanol and
hydrogen)
In order to avoid above Ni deposition issue, we decided to use CO produdbée by
decomposition of methanol as methanol can be decomposed into CG, ab@d9°G
400°C8° The detailed growth procedunes as follows
1 Thesample was loaded into thebef ur nace and then it was
mTorr.
1 Thefurnace tube was backfilled and purged with Ar (300 sccm) for 15 min prior
to heating.
1 Thefurnace is heated #80°C-580°C at 30°C/minute.
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1 Whenthe desired temperature achieved, Ar was stopped anaad introduced
into the tube in two streams: 600 sccrotigh the bubbler containing methanol,
and 600 sccm directly into the reactor for 20 minutes.
Whenthefurnacewasbegun to cool, H flow was turned off.

Ar flow was maintained until the furnace cooled down to room temperature.

4.2.3.4 Method 4 (W A-CVD growth of CNTs using ethylene
and hydrogen)

The water assisted CVOWA-CVD) method is well knownfor giving remarkable
features such as dense, impufitge and verticalhaligned CNTS?® In this procedure,
stainless steel (316) and copper foil were used as substrates and iron (~1.5 nm) on

alumina (~10 nm) athe catalyst.The cetailed procedureras as follows

1 The ample was loaded into thitebef ur nace and then it was
mTorr.

1 The furnace tube was backfilled and purged with Ar (300 sccm) for 15 min prior

to heating.

All gas lineswere purgedor approx. 15 minutes.

Ethylene flow was stopped and furnace tube was purged for 5 sinute

Argon (300 sccm), hydrogen (200 sccm) and DI water vapor (4 sccm Ar through

a DI water bubbler) were introduced to the reactor while the furnace was heated to

750°C at 60°C/min.

The furnace was held at 750°C for 1 minute.

Ethylene flow (100 sccm) wastmeduced for desired growth time.

Ethylene flow was turned off before cooling of furnace.

Whenthefurnace began to cool, DI water vapor was turned off.

Whenthefurnace temperature reached below 500°€fld#v was turned off.

Thefurnace lid was openedrfoapid cooling.

=4 =2 4 A4 -4 A2 -

Ar flow was maintained until the furnagescooled down to room temperature.
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4.3. NANOCRYSTALLINE CELLU LOSE (NCCQC)

Here we present thérst time that carbon derived from NCC after its pyrolydmeas

successfullypeenused as a catalyst teduce tiiodide in DSSCs.

Cellulose is one of the most abundant natural biopolyeeailable today. It is low cost,
renewable, biodegradable and #oric. It is one of the emerging nano materials that
have been a subject of a huge amount of resedimtisein many different fields from

food industry to pharmaceutis®l®. NCC can bederived from acid hydrolysis of
cellulose fiber™,; it has different properties as compared to cellulose such as nanoscale

dimensionalityhigh strengthhigh surface area drspecial optical propertie&*
4.3.1 Counter electrodesfor DSSC

An agueous dispersion (5vt %) of NCC (Nanocel BioVision Technology Inc)vas
used aseceived in this workThe demical structure is shown iRigure 46. Carbon
obtained afteMNCC pyrolysis was use@s thecounter electrodef the DSSCs as an

alternate to Pt.

Figure 46: Chemical structure of Nanocel.
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4.32 Pyrolysis

NCC films were prepared by drop casting the 5.5 wt% dispersion directly onto the
counter electrode substraté. drop of NCC solution (~1@iL) was put omanFTO glass
substrate and lefb dry atroom temperature. After ging, it was placd in Lindberg tube
furnace (Model TF55035Afpr pyrolysisunder N (UHP or research gradé)n alumina
piece was plackunderneath the FTO glass substrate in order to avoid any deformation.
The following procedure was used fNICC pyrolysis of this sample:
1T Theampl e was | oaded into the furnace tul
mTorr.
1 The furnace tube was backfilleg@ith N, and then again evacuated. Evacuation
and backfilling was done 3 times in order to make sure that no oxygenwraiees
left in thesystem.
The furnace was purged with,N100 sccm) for 1 hour prior to heating.
Heating was done in two steps.the first step, furnace was heated to 200°C at
3°C/minuteandwas héd at this temperature for 5 houms dehydration Then, in
the second 4p, it was heated to 600°C at 3°C/minute and wad ht this
temperature for 1 hour.

N, flow was maintained until the furnace cooled down to room temperature

4.4. CHARACTERIZATION TECH NIQUES USED

4.4.1 Electrochemical impedance spectroscopy (EIS)

Impedance pectroscopy is a nesteady state technique that provides detailed
information about internal system dynamics. It is a powerful methotthéanvestigation

of electrochemical properties of materials and their interfaoetiding kinetics,
diffusion coeffcients, charge transfer resistance and double layer capacitance. Time
dependent electrical perturbation of the system of interest and the measurement of the
response produce additional information about the internal processes. External

perturbation suchsaAC potential modulatiopushesthe system out of equilibrium
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system response as a result of this small AC signal is monitored and analyzed over

range of frequencies.

Generally, analysis of EIS data is performed by fitting fitegjuencyresponse to an
equivalent circuit model. Thequivalent circuit modetypically consists of electrical
elements such as resistors, capacitors, and inducatgpsesenting variouphysical
processsin the system. Care should be taken while fitting the equivalent calemtents

as there ishe possibility to fitthe same response with madifferentcircuits. Therefore,

a deep understanding of the system asdlominantphysical processes is required to
obtain meaningful results. It is also valuable fabtain information from other
experimental techniques about the system before fitting the EIS data. As already
mentioned, electrical elements are being used to idetht@yfrequency response of a
system, e.g., a parallel combination of a resistor and a capaxitessed to fit any
electrochemical interfaces in systemn. such equivalent circuitsresistos represent
physical processat any interfacginside the system that cause resistance to charge flow
in response to applied transient conditions withoutrigaa phase shift. This resistance is
known asthefic har ge t r ans fnakes asignficarst comtribateroto then d
overall impedance of the systefhe @pacitos represent the physical processn
which a ionic double layer develops at thsysten interface typically at the
electrolyte/electrode interface in DSSCs. Furthermiweoverall series resistance of any
system can also be represented by a resistor in the equivalent circuit. Another important
and frequently used elementtseii c on pthas te e(CRE)MIEis dne@mpirical
elementrepresenng a physical process related to Adeal capacive behavior at the
interface of a systerand is defined as follows:

& —— (OnaL) (4-1)*3
whereQ is a proportional factorFor n = 0,Zcpe represers impedance of pureresistor
(Q =1/R) wheraas for n = 1, it represents impedance guae capacitor(Q = C) The
phase shift between theoltage and current is independent of frequency and equal to
n" / Phis element is generally used whigre electrode of the system is roydraving

inhomogeneous reaction rates.
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Let us consider one of the interfaces efectrochemical cell such as the
electrolyte/counter electrode interfage series with a resistancgpresenting transport in
the electrolyte As mentioned above, a parallel combination of resiahd a capacitor
can be used to fit the Nyquist plot for this interfage shown inFigure 47. Real and
imaginarycomponent®f the impedancean be calculated as shown in equatiéh The
resistor has only real impedance (R) dhd capacitor has only imaginary impedance
(171 ¥C) .

Resistor
(Re?
Resistor | _| i L
(R :
Capacitor
)

Figure 47: Typical equivalentcircuit to modelelectrolyte/counter electrode interfaaed

series resistana# an electrochemical cell.

-Im (z2)

Rs Rer
Re (2)
Figure 48: Nyquistplot for equivalent circuito model electrolyte/counter electrode

interfacewith charge transfer resistance;1Rn parallel witha capacitofsolid line) and
CPE(dashed lineand series resistandgs.

G oY o (4-2)
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Here, Rs represents resistance to the ionic charges in the electrélyterepresents

resistance to charge transfer at the interfacel C is the doublyer capacitanceAt

infinite and zero frequencies, impedance of thisetwork is purely resistive At

intermediate frequencies, the impedance has both real and imaginary components, and

will produce a semcircular Nyquist plot (Im(z) vs Re(z)seeFigure 48. In thecaseof a

CPE, the semicircle is cenéetbelow the Re(z) axis, esul t i ng i n a Afl at:t
as lllustrated inFigure 48 (dashed line)In this work, EIS was pesfmed using a

Solartron Analytical ModuLalECS system on tweerminal electrochemical cells

spectra were collected at 0 V bias, 10 mV AC, between 1 MHz and 100 mHz. Spectra

were analyzed usingviewsoftware (version 3.2, Scribner Associates Inc., USA)

4.4.2 Cyclic Voltammetry (CV)

Cyclic voltammetry is an electrochemical method in which current is measured by
applying acyclic potential rampto the working electrode of an electrochemical cell
between low and higandpointswith a constant rampUsually, in a 3electrode cell, the
potential is applied with respect to a reference electrode. In the caseetdcrdde cell
(as reported here), the counter electrode doubles as a pedeince electrodelt is a
powerful technique that provides deggilinformation about electrochemical processes in
terms of redox reactions within the cellhe oidation potential (B3 and reduction
potential (E,) for an active redox material can be found using this technique
Corresponding anodic g and cathodiqip) currents can also be found as shown in
Figure 49. In case of reversible systsnwhich are diffusion controlledhe ratio of
cathodic current to anodic curreist unity and separation between tharentpeaks is
given by

YO O O —abv (43)
where n is number of electrons involved in the reactifyns independent of scan rate

and current is proportional tg'f after E,.

In the case b irreversible or quasrreversible systes)which are activation controlled,

the electron exchange is slow. T$@itting betweempotential peakss larger than—a 0.
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This greading ofthe peaks isanindication ofanirreversible systemrhe height 6the
current peakgi.e., i(Ep)) decreases size as currents take more time to respond to the

applied voltage as compared to reversible systems.

In general, CV is performed usirag3-electrodesystem,namelythe working electrode
(WE), counter electraal (CE) and reference electrode (RE). Working electrode is the
electrode under studyhe voltage isappliedbetweenthe WE and RE whereas current
flows between WE and CE. In case of using two electrodes (No &R&hall error is
introduced, as the currefibwing across the double layer at the CE results in a potential

offset.

In this work, CV was performed using a Solartron Analytical ModuE&IS system on
two-terminal electrochemical cells at 20 mV/s scan, natdess otherwise noted
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Figure 49: A typical cyclic voltammogram for reversible system.
4.4.3 Scanning electron microscopy (SEM)

The VACNT forests were investigated using a scanning electron microscope (SEM). In a
typical SEM, a beam ohigh-energy electronsfrom a cathode (thermionic, field

emission)is accelerated towards an andbdeugh a voltage difference between cathode
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and anodeThis electron beam has energy in the range of a few hundreds of eV to 100
keV. The electron beam is then focused on to #mepée in the form of a narrow beam
having a fine focal spot of 0.4 nm to 5 nm diameter by means of condenser Téreses.
electron beam is generally scanned in a raster scan pafigon. reaching the sample,
primary electrons lose their energy by scattgramd absorption within an interaction
volume that can extend in the range of ~ 100 nm to ~ 5 um below the surface of the
sample. Due to energy exchange between the electron beam and the sarapéty of
signals are produced including secondary elestroback scattered electrons,
characteristics xays and heat. Secondary electronhich are products of inelastic
scattering are commonly usedtproduceSEM images as these are most valuable to
show morphologyThese secondary electrons are detecteddiyy secondary electron
detectors i.e., Everhaithornley (ET) detector.The SEM used in this work was a
Hitachi S4700 cold field emission SEM. VACNT forest samples were mounted to an
aluminum stage using conductive doubided copper tape before ingen into the SEM
chamber. In order to study VACNT length and morphology, scratches were made on
various locations along the samples using a scalpel blade, as only the top surface of the
VACNT forest could be otherwise observed with the SEM.

4.4.4 Small angle x-ray scattering (SAXS)

SAXS is a reliable and nesestructive technique for studying nanostructures. It provides
information such as the size of the particles, their shapes and their spacing. In SAXS
measurement@-igure 410), amonochromaticollimatedbeamof x-rays(K;) is brought

to a sample. Upon interactiovith the sample, some of therays scatter elastically by
electrons in the sample volume while the rest of them pass through the sample without
interacting. The experimentally observed scatteniatensity describes the constructive

interference of the scatteredays Ks) as a function of scattering angle.
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Figure 410: A schematic setup of a SAXS experiment.

The angle at which scattereerays are detected isderol by 2d. However
scattering is generally determined in terms of the magnitude of the scattering qeasor

defined in equatiod-4.

Ks
>
K

g=Ks-K;

bgh — OE[l (4-9)
SAXS was done using a Bruker Nanostgstem. The Xray source was Cu Bhavinga
wavelength( &) 1.54 A. For SAXS measuremengsthin Cu foil (5um thickness) was
used asthe substrate to grow VACNTbecause xays attenuatsignificantly less with
Cu as compared tthe same thickness {@m) of Fe, Ni and Cr, which are thmain
constituents of stainless ste&-rays were incident parallel to the plane of VACNTSs
forestas shown irFigure 410. These VACNTs were modelexs cylinders. As there was
no orientation in the plane;nays were scattered from these cylinders giving 2D plot in
the form of circular rings on the area detector. Angular integration was performed to
produce a plot of intensity versus scattering vecatmagnitude. After background
subtraction, the position of the first broad peak maximum was used to calculate the
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average radius of cylinder. This broad peak is due to the fact that there is a distribution of

radii.
4.4.5 X-ray photoelectron spectroscopyXPS)

X-ray photoelectron spectroscof¥PS) is a surface analysis technique which is used to
find elemental compositions and chemical states of elements present in the sample

material.

The working principle of XPS is showim Figure 411 X-rays having characteristic
energy (hs) I nteract wit heleméns inalsanplé and ns i
photoexcite these electrons from their initial states with characteristic binding energies
(BE). These photoelectrons move through the sample to the surface. Some of them
experienced inelastic scattering and appeared as a background in the XPS spectrum
whereasphotoelectrons generated near to the sample surface are emitted to the vacuum
after overcoming the work function h r e s R)oThel kin¢ti¥ energy (KE) of this
photoelectron in vacuum just outside the sample is givembyBE - Ws. Due to contact
potental difference the KE measured by the analyzer with work functt@nand can be
found as given below:

0O »® 00 B B B

0O »® 00 B (4-5)
Using equation4-5), the BE of photoelectron can be determined as the analyzer work
function { ») is constant (~4.5 eV). Equation-8} is only valid for conductive samples
where Fermi level is constant through the system. The analyzer must be calibrated using
metal standards. For insulating samples, the Fermi level is not well defined making
situaton complicated. In this case, a common reference point, typically set to 285.0
eV'® is considered by referring all peaks to the C 1s peak from hydrocarbon species that
are always present on samplebés surface | oa
can be determined by finding shifts in the binding energies of these photoelectrons. These
small shifts in binding energy are also referred to as chemical shifts. In a typical XPS

spectrum, the electron count rate is presented as a function of bindigy.ek&KE and
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BE have opposite signs, an increasing BE scale is plotted from right to left in an XPS
spectrum. Peak splitting due to the interaction of the electron spin (s) and the orbital
angular momentuml) is observed in XPS. The total angular momsantagan be
represented by | = bl + sb. Therefore, an
1/2 (higher binding energy) or 3/2 (lower binding energy). The intensity ratios of these
doublets can be found by the expression (2] + 1). Thereffmrean electron from a p
orbital, the relative intensities of the 1/2 and 3/2 peaks are 1:2. The line shapes in XPS
are determined by the convolution of the natural line shape of the excitation source and
the pass function of the analyzer. The analyzer contgbai@aussian shape whereas the
core level line shape is Lorentzian. The convolution is known as Voigt functiogysX

are generated by bombardment of high energy electrons on a metallic anode. The most
popular anode materials used in XPS are magnesiunalandnum with typical xray
excitation lines Mg K(1253.6 eV) and Al K(1486.6 eV), respectively.

hA Vacuum level

Vacuum level
A

1
1
1
1
1
1
1
1
:
__________ .i_______________________________ (. Fermilevel
H
BE i
1
1
1

Core level

Sample

Analyzer

Figure 411: Working principle of XPS.
4.4.6 Mercury drop method for resistance measurements

A homemade setup was developerd measure resistance of the VACNTs forests.
Mercury has property that it does not wet stainless ,steél it doeswet gold®®.
Therefore, in a stainless steel rod, a hole was drilled at one end. This hole was then filled
with gold, so that mercury onlyettedthe gold. There was also a CCD camera attached

to a microscope to measure the diameter of the circular contact between the tHg and
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CNTs. This is important while calculatirtbe specific resistance of CNTs. The setup is

given inFigure 412(a, b)

SS Electrod

Gold
<«— Hg Drop

|

VACNTs—

(a) (b)
Figure 412 (a) Schematic diagram of setapd (b) builtsetup

4.4.7 Thermal gravimetric analysis (TGA)

TGA works on the principle that all organic materials decompose if heateal to
sufficiently high temperature. It is used to determine thermal stabilityestigate

decomposition reactions and measure inorganic content in organic material.

In TGA measuremnts, a controlled temperature program is applied to a substance and
thechange in mass is measured against time or temperature. Any change in mass can be
associatedwith chemical change in the substandee to combustion, oxidation or

decomposition.

In general,a sample is placed in a pan insidéurnace while being suspended from one
arm of a preision balance. The change weight of the sample is recorded while the
sample undergoebe desired heating procedure. The TGA curve can be represented in
either weight loss of a sample or in differential form and is calhledhermogravimetric

(TG) curve.

SDT Q600 (TA instruments) was uskat TGA of VACNTs grown usingthe WA-CVD

method and NCC after pyrolysis. VACNTs were removed fr@® substrates after
59



synthesis. TGA was done for VACNTs under air (@0min) at 5°C/minfrom room

temperature to 800°C.

The NCC solution first was dried ia petri dish at room temperaturBried NCC flakes
were pyrolyzed usinghe heating procedure discussigdsection 4.2. After pyrolysis,
flakes were ground and 4D mg of the powdemwas loaded into thaluminapan of the
TGA instrument. TGA was done under air (20l/min) at 5°C/min from room
temperature to 1000°C.

4.4.8 Atomic force microscopy (AFM)

Atomic force microsopywas invented by Binnigt al in 1986%°° It is used to study the
topograply of surfaces withsubnm resolution. A fine tip is attached t@ cantilever

which is made of either silicon or silicon nitridEhe sample istypically mountedon a

3D piezoekctric scanner which is used to move the tip relative to the sample siitiace.

tip scans the surface in a raster pattéihe cantilever igeflectedby the interaction

forces between the tip and the sample surface. These forces are either attractive or
repulsive depending upon the distance between the tip and sample surface. The bending
of cantilever is detected by optical means using a laser beam as shbwurm 413.

This laser beam is reflected from the backside of the cantilever. The pesatisitive
detector converts this reflected laser beam to an electronic signal used to géwerate
image of thesample surface under investigation. AlElsh be used in different modies

order to study samples depending upon the type of sample and the required information.
These techniques include contact mode, where the tip is remains constantly in contact
with thesur f ace of the sampl suamdadidpremanmi o g mm

contact mode.
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Figure 413: Working principle of AFM.
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CHAPTER 5 P RELIMINARY WORK

The first part of this chaptes related to the work done @tandarddSSG based on Pt
counter electrode Results regarding improvements in the device performance with step
by-step modifications are presentedtlie second portion, work related tioe application

of CNT thin films and thick papers in counter electrode is discussed.
5.1. OPTIMIZATION OF NORMA L DSSCs

Fabrication ofstandardDSSG with stepby-step modificationsvasdiscussed in chapter
4. The frst DSSG fabricated in this studiiad onlya screen printed Ti@layer andwvas
tested using standard conditions. Dark and illuminat€dcarvesof a typicalDSSCare
shown inFigure 51. At 1 sun, it had ¥c = 0.439V, Jsc =1.04mAlcn?, FF = 45%, and
an efficiencyof 0.2%. It was found that the TiQayerwas not uniformandthe cell was
not sealear filled properly.In particular, here were buldbs and leakage in the sealing.
Therefore, this device hadow powerconversiorefficiency.
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Figure 51: JV of thefirst DSSCfabricatedwith only a screen printed Tiphotoanode
and aPt-based counter electrode at 1 sun. Indatk J-V.
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The second DSSC was fabricated sinhldo the first. This timethe sealing and filling
were of higher quality Dark and illuminated-¥ curves of that DSSC are shown in

Figure 52. At 1 sun, it had ¥c = 0.538 V Jk¢c = 3.64 mA/cn2, FF = 60%, and an
efficiency of 12%. All parametersvereimproved.
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Figure 52: JV of thesecondDSSCwith improvedsealing and fillingat 1 suninset:

darkJ-V.

A DSSC was then fabricated aftemploying the modificationsliscussed in chapter
4.1.4. Briefly, two layers of TiQ were used in this devic&he frst layer (spircoated)

served as a blocking layer to reduce recombination of ghgoted electrons the FTO

with the electrolyte anche second layer was screen printed as in casagihal device.

Dark and illuminated-¥ curvesfor this modified devicare shown irFigure 53. At 1
sun, this deice showeda Voc = 0.631 V. k¢ = 8.91 mA/cn?, FF = 66%, andan

efficiencyof 3.726. Thesewereencouraging resultas all performance parameters were

higher than the deviaosithoutablocking layer of TiQ.

Due to the variation of cell areagnd the continual improvement in fabrication

techniques being developealguantitative analysis of the dacurrent with and without

theblocking layemwasnot possible.
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Figure 53: JV of DSSC with spircoated and screemipted TiQ, layers at 1 surinset:

dark JV.

The tickness and morphologyf deposited TiQ layerswere also investigated using
scanning electron microscope (SEM) [ktihi S4700 cold field emission], sEgure 54
(a, b) andrigure 55 (a, b) respectivelyFigure 54 (a) clearly shows thdahe TiO, paste
used in screen printing is a mixture of 20 nm and 200 nm partidkespin-coated TiQ

layeris composed 020 nm paiitles andhasa thickness of ~ 1.5 um as shown in Figure
5-5 (a, b).
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S-4700 15.0kV 5.1mm x200k SE(V) 200nm S-4700 15.0kV 12.5mm x80.1k SE(M) 500nm

Figure 54 : (a) Top view ofscreen printed Ti@on FTQ (b) Crosssectional view of

screen printed Ti@on FTO.

: ~ * i
$-4700 5.0kV 8.9mm x200k SE(U) 0 S-4700 20.0kV 7.0mm x45.0k SE(U)

Figure 55: (a) Top view of pin-coated TiQ on FTQ (b) Crosssectional view of gin-
coated TiQon FTO.

5.1.1. DSSC Testing Revisited

While measuring-Y curves,the cell area wanly partially exposed0.32 cnf) under
illumination. The esting setup has0.32 cnf aperture defining the illumination spot that
was much smaller than the size of the DSSC (1))crin this casethe dark current
through the urexposed areaompeteswith the photcurrent and decreasethe cell
efficiency. This was corrected bfabricating cells with smaller area€004 cnf) and
exposingthe full cell area under illuminatianDark andilluminated J-V curves of this
fully illuminated device are shown ifigure 56. At 1 sun, this device showedVoc =
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0.61 V, k¢ = 16.82mA/cn?, FF = 65%, andan efficiency of 6.59%. Clearly, & was

increasedy a factor of twascompared to th previous device.
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Figure 56: JV curveof DSSCwith fully illuminated areg0.04 cnf) at 1 sunInset:dark
JV.

5.1.2. DSSCs with TiCl, treatment

As discussed in chapterl44, TiCl, treatment othe photoanode enhancése efficiency
of DSSCs. Therefre, he photoanode was treated with TiG3olution Details of this
treatment were already discussed in chapteddDSSG werethenfabricated and tested
using this photoanode. Dark and illuminatio urves under various light intensities
are shown inFigure 57 and Figure 58 , respectively. Metrics extracted from these
curves are given iable 51. At one sunthis DSSC has an efficiency of ~ 10%he
results are in agreement with the literature in terms of increase in efficieh@h is
mainly due to the increase in photocurrdhowever a higher Jsc (~25 mA/cn?) and a
lower Voc (0.59 V) were achieved heras compared to botthe DSSC without this
treatmeniand the literature valug®.77V) for TiCl, treated DSSCsThis maybe due to
the production of some intermediate phases of,TaOthe presence of HCI in the

nanoporous matrix oFiO, even after rinsing with DI water and ethanol.
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If the Voc value of the present DSSC can be incredasef.7 V, the efficiency ofthe
DSSCwould be more than 11%.
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Figure 57: J-V curve of DSSC with TiGltreatment under dark.
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Sun Voc (V) £ (0.005) Jsc(mA/cm?)  FF (%)  h (%)

% Sun (50.52 mW/cf 0.556 101 67+1  7.3+0.7
1 Sun (101.00 mW/cfh 0.592 25+2 63+1 10+1

2 Sun (202.0enW/cnt) 0.619 49+5 5741  8.7+0.9
3 Sun (303.00 mW/ct 0.628 798 501  8.4+0.8
4 Sun (404.00 mW/cfy 0.637 10Q+10 46+1 7.4+0.7

Table 51: Metrics extracted from-Y curves of DSSC with TiGltreatment.

5.2. A NOTE ON ERROR ANALYS IS OF PERFORMANCE

MEASURING PARAMETERS

Standard error analysis of measured and derived metrics was carried out. It was found
that the error in the area of the cells was the dominant source of wirimh was
estimated at +10% by measuring the dimensions of the cells under a microscope. The
uncertainty in the area is largely due to the irregular edges of the cells caused by the
screen printing process.q¥ values were determined by linear interplatbetween the

two measured data points closest to the axis crossing. The uncertaintyc iwag
conservatively estimated as £0.005 V, or half of the voltage step size in the data, although
it is undoubtedly more precise. The uncertainty in the illumamatintensity was
estimated from the power meter manufactur e
fluctuations in the measured power of the solar simulator under operation. Calculated
errors in gc and power conversion efficiency were dominated byuheertainty in the

cell area.

5.3. CNT THIN FILMS AND THICK PAPERS

In the case of SWCNTs thin films, it was found that the films were not fully detached
from the filter membrane during submerging in nanopure wdaious approaches were
adopted to deal witthis problem. These approaches included
9 Filter membrane with SWCNT filmvasdried under pressure between sheets of
paperHowever, #ter drying SWCNTSs film did not peel off.
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1 Literature reports of CNT film preparation by filtration procedures often involve
dissolving the filter membrane using acetone baths. However, when using this
procedure here it was found that the membrane appeared to contract upon contact
with the acetone, damaging the SWCNT film. Also, the filter membrane did not
dissolve completely.

1 Using different filter membranes (Nalgene, 47 mm diameter, 0.22 pm pore size),
again, the film did not detach completely. Another filter membrane MCE (Mixed
cellulose ester, Millipore) was used and it was found that the SWCNT film was
also not detached cqgtetely from this filter membrane but this filter membrane
dissolved quite well in acetone.

1 The MCE flter membranewas partiallydissolved inan acetone bath. After
refreshingthe acetone bath many times, the film was collectec &1 O-coated
glass in such a way th#he free side of theSWCNT film was in contact with
FTO. In order topyrolyze the remainingfilter membrane, this substrate was
placedin afurnace at 530°C for 1 hour under argdhe agon flow rate was 15
sccm/minute. It was find thatboth thefilter membrane and SWCNT filiwere
consumed. Perhaps residual oxygen resulting in burning of both the membrane
and the CNT film

1 We attempted netreatment ofthe FTO substrate with éxamethyledisilazane
(HMDS) which is well known adhesiopromoter

o FTO was rinsed with 98% HMDS solution purchased from Fluka. The
filter membrane with SWCNT filmvastransferred to the treated substrate
in such a way that the SWCNT film was between the FTO and the filter
membrane. Then, this was placed inasen at 100°C for 1 hour while
pressing under weight. It was found thfa film did not stick to the FTO.
This method was not pursued further.

0o FTO was soaked in 6.67% HMDS solution for 15 minutBse flter
membrane with SWCNT filnwas transferred tahe treated substrate as
above Then, this was put ianoven at 100°C for 1 hour while pressing

under weight. It was again found thiefilm did not stick tothe FTO.
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Partially detached SWCNT films were used to make counter electrodes of DSSC.
Counter elerodes were made by collecting the partially detached SWCNT films on
FTO. Stack of two films and four films were put in an oven for drying. Dark and
illuminated 3V curves with efficiencies of these DSSCs are given inFigare 59 and
Figure 510, respectively.
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Figure 59: J-V curveof aDSSC withastack of two CNT filmon FTOasa counter

electrodeat 1 sun. InsedarkJ-V.
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Metrics extracted from these curves are givedable 52. DSSC with stack of four

films has better FF and efficiency as compared to stack of two DSSC.

In the case of thick paperagainit was found that they did not detach and peel off from
the cellulose acetate filter membrane. As described above, the MCE filter membrane was
dissolved in an acetone bath. Thus, these thick papers were used as counterstéctrode
DSSG. There was a chance that these thick papers might touch théay&andshat

circuit the cell a porous electrode separator (Celgardl ¥-0300M-A) was used to
avoid this. Unfortunately, the separataocked the current completely irthe DSSC.
Figure 511 shows the dark and illuminated-\ curves withthe efficiency for a DSSC
fabricated witha thick paper counter electrode and the above mentioned separator with a
hole cut through it to allow contact of the electrolyte with the electrodes.
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Counter Electrode Voc (V) + (0.005) Jsc (mA/cm?) FF (%) d (%)

Stack of Two Films 0.425 5.4+0.5 331 08+0.1
Stack ofFour Films 0.488 6.9+0.7 51+1 1.8+0.2
Thick paper 0.500 4.6+0.5 60+1 1.4+0.1

Table 52: Efficiencies of DSSCs with stacks of two, four CNT films dnidk paper
counter electrodes

5.4. CONCLUSION S

StandardDSSCs were successfully optimized to achiepoducibleefficiencies~10%.
Issues were found in CNT thin films and thick paper regarding their detachment from

filter paper. This CNTilm/paperwork was not pursued further.
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CHAPTER 6 APPLICATIONOF CVD CNTSsIN
DSSCs

This chapter deals with the results and discussion regarding applications of CNTs in
counter electrode of DSSC as an alternative to Pt.

6.1. INTRODUCTION

Several strategies to incorporate CNTs into DSSCs have been investigated, including
spraycoating theelectrode with a suspension of CNTs in solV&ht®anddeposition of a
CNT-containing pasté®’® or slurry.*’* Another approachnvolves CNTs grown on

other substrates and subsequently transferred to a transparent conducting oxide (TCO)
coated substratéypically, fluorinedoped tin oxide (FTO) on glass this regard, Dong

et al. achieved 5.5% efficiency using VASWCNTs that are transferred to FTO after
growing on a Si substraté’? In 2012, Hao et al. achieved 5.25% efficiency with
VASWCNTSs counter eleatdes in which CNTs wersimilarly grown on Si and then
transferred to FTO’® These approaches have some limitations such as poor availability
of catalytic surface area, and poor electron transport due to contact resistance. Vertically
aligned carbon nanoteb (VACNTS) directly grown on substrates are apgroachto
overconing these issues. So far, few studies have been done in which CNTs are directly
grown on FTO substrates using chemical vapour deposition metho2810, Sayer et

al. achieved 0.77% efiiency by usinga directly grown MWCNT counter electrodé® In

2011, an efficiency of around 6% was achiewsihg VACNTSs directly grown ona
graphene substraté&® A detailed comparison of these works is givenTiable 61.
Extensive effortis needed tostudy CNTsdirectly grown on various substrateand to
optimize thegrowth conditiongor CVD methods.
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CNTs Method Dye Electrolyte h Ref.

(%)
VASWCNTs WA-CVD N719 I/15 55 172
VASWCNTs WA-CVD N719 TJT 5.25 173
MWCNTSs MW plasma CVD Anthocyanin WIEY 0.77 174
VACNTSs WA-CVD N719 /13 6.0 175

Table 61: Comparison oDSSCs withVACNTs CEalready available in literature

6.2. CNT S GROWTH (VARIOUS SYNTHESIS  METHODS ON

VARIOUS SUBSTRATES )

With the aim to develop CNT growth expertise, we initially focused on-kvelivn
substrates for CNT growth, such as gigassivated Si. Iron was used as a catalyst,
deposited using sputterirapd electron beanmethods CVD method 1(NH3-CyH4) was

used as discussed in chapte?.d.1 Experimental methods were as in chapt&.31
except where otherwise statéallowing CVD, there was a visible film of black material

on the SiQ/Si substrate; VACNTSs were obtained for both Fe deposition methods and are
shown inFigure 61 (a-d).

After successful growth of VACNTs 08i0O,/Si, CNT growth was @&mpted on FTO
using the above CVD method 1, but was unsuccessful. FTO could not withstand the high
growth temperature of 750°C. Therefore, a low growth temperature suitable for FTO was
attempted. For this purpose, CNTs were grown on various substrat€s (riartz,
Stainless Stee(316) and Aluminum Alloy (6061))at different growth temperatures
(500°G580°Q with Invar 426 alloy(42% Ni, 52% Fe and 6% C@/w/w) catalyst using

CVD method 2 discussed thapter4.2.3.2 SEM top views of CNTs grown on these
substrates at low temperature (580°C) are showigare 62 (a-d). The CNTs viewed

from the top appear tangled and randomlemted. There is also a variation in their
diametersin Figure 62 (b), CNTs were grown directly on a stainless steel (SS) substrate
without depositing any catalyss dhe iron and nickel content of SS was thought to be

sufficient to catalyze CNT growth.
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S-4700 5.0kV 7.2mm x10.0k SE(V)

U
S-4700 5.0kV 7.0mm x15.0k SE(U) 3.00um S-4700 5.0kV 6.9mm x7.98k SE(U) 5.00um

Figure 61: SEMof VACNTs grown with CVD methodvith electron beam evaporati

deposited (a, b) and sputtered (cFd)samples
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Figure 62: SEM of CNTsgrownat 580°C on a) Aluminum Alloy/Cr/Invab) Directly
on SSc) SS/Invayrd) Quartz/Cr/Invar

When we applied these growth conditions to grow CNTs on FTO, we were still not

successful.

After several unsuccessful trials, sgstematicinvestigation was undertaken. For this
purpose, three well know@VD recipes forgrowing CNTswere applied ofTO glassin
the absence afaalysts, to evaluate the impact of growth conditions on:FTO

1. Water assisted CVD methd&/A-CVD)

2. CVD method with MeOHMeOH-CVD)
3. CVD method with ammonia and ethylene gadéds-C,H, -CVD)

These métods are discussed in detailcimapter 4£2.3
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We examined the FTO, before and after exposure to growth condéiodsesults are

discussed as follosy

Before exposure to CNTgrowth conditions, the FTO glass had a sheet resistance and
optical transmission close to the values provided by the manufacturer,15.e.,
Ohms/square and 80%, respectivédlySEM micrograph oasreceived~TO, Figure 63

(a), showed @ interconnectednulticrystalline structure with a 16200 nm grain size.
After exposurejsolated islands with size distributions tine range of 100 nfr1 0 & m
were observed for all sgtes(Figure 63(b-d)).

~ ~ | I | Ii 1 l‘ (] rrrrrrrroeet
S-4700 5.0kV 9.3mm x35.0k SE(V) 1.00um 5.00um
e J ) - (O 2

e g

; ' , ® 0. @Q g=5cm
i t ? 2 ED . _
L I I I A I R I B | I 1 1 1 1 | | 1 1 1

. as ;
S-4700 5.0kV 12.5mm x6.97k SE(M) 5.00um S-4700 5.0kV 12.4mm x1.10k SE(M) 50.0um

Figure 63: SEM of (a) Asreceived FTO, postxposure to(b) WA growth conditions,
(c) MeOHgrowth conditions, (d) Nki C,H4 growth conditions

We proposed that during exposure to \i H, at elevated temperatures, the oxide is
reduced to metallic tin, whicHle-wets the surface leavintpese isolated islands on the
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glasssubstrate (see XPS rdsuin following section) Following growth conditions and
further exposure to air, this metallic tin oxidized to form grndssibly a mixture of SnO
and SnQ.

The @dove interpretation was also supported with the fact that driray photoelectron
spectroscopyXPS) measurements of these samples, charging was observed thee to
low conductivity of these sample§he energy scales tfie spectra were shifted due to

this charging phenomenon and were corrected to align the binding energies of the

adventitious carbon C 1s peak.

In each case, two key observations were mddestly, after exposre to growth
conditions, all three samples showed strong intensity from the Si 2s and 2p corealevels
binding energies-155 and~103 eV, respectively, due the exposed glass substrate. No
Si peakswere observed for agceived FTO glass substrat&econdly,F 1s emission,
observed on areceived FTO glass, was completely absent after exposure to growth
conditions, indicating a loss of the dopant from theduwting oxide. FTO coated glass
was therefore deemed unsuitable as a substrate for VAGWh. A summary of these
results is provided ifrigure 64. A muchhigherC lspeakwas found for the NEC;H,4
sample indicating ahigherconcentration of carbon on this surface, possibly due to the
deposition of carbonaceous materials dugngwth procedure. Due to the surface carbon
layer, the intensity of all Sn, Si and @atures associated with the substrate were

significantly attenuated comparedth other samples.
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Figure 64: TheXPST F 1s signal is completely absent following exposure to growth
conditions (left) indicating a loss of theéopant from the conducting oxidehe
appearance of thei 2ppeakfollowing exposurendicatesde-wetting of theSnQ,
revealing the glass substrdteneath the FTQight), consistent with interpretation of the
SEM results.

Figure 65 shows the optical transmission spectra of unexposed and exposed FTO
samples.As-received FTO hasa maximum of80% optical transmission whereas
exposed FTO samplesxhibit 20%-30% transmissionThe samples no longer appear

transparent, but rather translucent, indicating strong scatterthgiotident light.
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Figure 65: UV-vis spech of asreceived and postxposure FTO

Sheet resistances of thesamples were also measured using -fiebe method. As
received FTO has the sheet resistance 15 Ohms/square while the exposed samples of
FTO are no longer conductinfhe measument ofthe sheetesistancevaslimited by

the input impedance of the meter. This observed high resistance was due to the loss of a
continuous conduction path in the plane of the surface of FTO glass substrate as
discussed already. Therefore, havihg above experimental evidenage proposed that

FTO is not a suitable substrdte direct growth of CNTs

6.3. DSSCs wiITH CNT COUNTER ELECTRODES B Y THE
MEOH CVD METHOD

CNTs were grown directly on Quartz/Cr (65 nm)/invar (6.5 nm) substrate using the
MeOH CVD method 3 discussed in chapte?.3.3 these CNTs were used as catalyst in
counter electrodes for DSSCs. Photoanodes were fabricated following the procedure
explained in chapter.2.4, including blocking layer of Ti@but without TiCk treatment.

After sealing, DSSCs were tested using the daesh conditions described in chapter
2.5.5 }V curves under dark andarious illumination intensities are shownRigure 66

andFigure 67, respectivelyand metrics extracted from these curves are showale
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6-2. At 1 sun, an efficiency of 3.7% was achievegc\and $c increag whereasfill

factor decreasswith increasing illumination intensityue to IR losses
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Figure 66: DSSC with CNT CE grown with the MeQG8VD in the dark without TiGl

treatment
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Sun Voc (V) £#0.005  Jsc(MA/cm®)  FF (%) h (%)

0.45Sun @4 mW/cnr) 0.547 2.9+0.3 64+1 21+0.2
0.9 Sun (88nWi/cnf) 0.601 10+1 (12) 60+1 3.7+0.4
2 Sun R02.0mW/cn?) 0.637 29+3 47+1  4.3:0.4
3 Sun 803.0mW/cnr) 0.646 42+4 38+1 34+0.3
4 Sun 404.0mW/cnr) 0.655 58+6 36+1 3.40.3
5 Sun 605.0mW/cnt) 0.664 68+7 33+1 2.9+0.3

Table 62: Metrics extracted froldSSC with CNT CE gnn with MeOHCVD under
various light ntensities without TiGltreatment* At 1 sun the currentlensities have
been scaled linearkp 1 sun (101.0 mW/cfhas the data were mistakenly collected at 88

mW/cnf. Note that in this regime the photocurrent varies linearly with illumination

6.4. GROWTH OF CNTS USING THE WATER AS  SISTED
METHOD (WA -CVD)

6.4.1. Synthesis

Finally, the WACVD method was used to grow MWACNTSs on stainless steel (316)
substrates. Details of the growth procedure were presen@thpter 4 MW-VACNTS

were grown at different exposure times of ethylene gas, i.e., 20 s, 40 s, 80 s and 160 s.
6.4.2. Characterization

6.4.2.1. Scanning electron microscopy (  SEM)

In order to determinghe growth rate (length/timg, we characterized these MW
VACNTs using SEM.The length of each sample as measuredfrom the resulting
micrographgFigure 69 (a-d)) and plotted verss exposurg¢ime as shown ifrigure 68.

A growth rate of 0.9 um/svas found from the slope of the plot
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Figure 68: Growth of MW-VACNTSs (exposure timearsts CNT length). Each data

point represents the average of 5 samples
6.4.3. DSSC fabrication and characterization

Counter electrodesf MW-VACNTS were prepared using 10 ) s,40 s and 60 s
growth exposuresn SS substrats using the WACVD method 4described in chapter

4.2.3.4 Phot@nodes were prepared using the procedure desciibethapter 41,
including the spircoated TiQ blocking layer butwithout TiCl, treatment
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Figure 69: Growth of MW-VACNTSs on SSwith different exposure times a) 10 s b) 20 s
c)40sandd) 60.s

6.4.3.1. Current density -voltage measurements (J -V curves)

After fabrication of DSSCssing these C&; J-V curves under dark and illuminatiovere
measuredin thedark all devices show similar dark currents Yat450 mV), regardless

of the exposure time of ethylene, d&gure 610. However, dark current increased with
increasing exposure time at high forward big¥s450 mV). This is accounted fdhe
catalytic activity of the VAMWCNT counter electrodes. In the dark under forward bias,
electrons entethe cell through the photoanode reducisigo I', whereas oxidation of |
takes place at the counter electrode. For short lengMWCNTS, the rate of oxidation

of I'is slow as compared to long VMWCNTSs, limiting theJ-V slopes at voltages >450
mV.
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Figure 610: Dark J-V curvesof DSSCs with MWVACNTS counter electrodes

JV curves under 1 sun illumination are showrfFigure 611. Performance determining
metrics are extracted from theVJcurves and are shown iifable 63. Under
illumination, CE with 36 um length MWVACNTSs hadthe bestperformance with respect
to each parameter e . g. , E efficieht.of7that of a~sBrlla¥DSSC with Pt
counter electrode.

—=— MW-VACNT (9 um)
—+— MW-VACNT {18 um]

—&— MW-VACNT (36 um]

—sa—Platinum

-2
4
5 4 —— MW-VACNT (54 um)
Y
10

Cusrent Density {mA/cm?)

Figure 611 J-V curves of DSSCs with MMAWACNTSs and P CEs under 1 sun.
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Specificseries resistanogasestimated from the slope of thE\Mdcurve around Voclts
value is less156+1.6 Ohmscn?) for a 36 pm length MWVACNTS as compared to
other samplesVoc values of allMW-VACNTs DSSCs aresimilar but higher as
compared to Pbased DSSC.

CNTs Voc (V) Jsc FF h (%) Rs under
Length +0.005 (mA/cm?) (%) lllumination
(em (q .cm?)

9 0.664 10+1 50+1 3.4£0.3 26.5+2.7

18 0.655 13.9+1.4  57+1 5.2+0.5 17.G:1.7
36 0.646 14.4+1.4 60+x1 5.7+0.6 156+1.6
54 0.673 12.1+1.2 54+1 4.4+0.4 195+1.9
Pt 0.592 16.8+1.7 66x1  6.6x0.7 6.3+0.6

Table 63: Metrics extracted from-¥ curves of DSSCs with MWACNTSs and Pt CEs

under 1 sun illumination.

6.4.3.2. Electrochemical impedance spectroscopy (EIS)

In order to understand this causedetrease in efficiency, EIS measurements were taken
in the dark In this casethe MW-VACNT electrode was taken #ise working electrode
(WE) and R was used aboth theCE andreference electrodeRE), resulting in two
terminal electrochemical cell&IS plotsand equivalent circustto fit these plots using
vieware shown irFigure 612 andFigure 613, respectivelyA parallel combination of a
charge transfer resistanceclR and a norideal capacitance (constant phase element
CPE) was used to model each electrode/electrolyte inteffheePt MW-VACNT cell
exhibits thesuperposition of two semicircles the complexz plane the smallercircle

for smaller Re (z)correspond to the Pt/electrolyte interfac@nd the largecircle for
larger Re (z) correspoado the MW-VACNT/electrolyte interfaceThe dameter of
semicircks related tothe Rcr of theseMW-VACNT electrodesbe@mesmallerasthe
length () increasedip to 36 pm and theimcreased for longer CNT3his indicatesthat
thecharge transfer resistanag@s minimized at = 36 um.Any variation in the reduction

of triiodide to iodide athe MW-VACNT electrode affects the oxidation of iodide at the
86



Pt electrode. In other words, variation in therRt MW-VACNT/electrolyte interface
affects Rt of Pt/electrolyte interface which also affects the capacitance. Thistigari
for Pt electrode can be seenkigure 614 in which higher frequency region is made
enlarged.lt is noted that tls variation is not systematiout rather andom. It ismost

likely due tounintendedrariability in thefabrication oftheseelectrochemical cells.

Capacitanceersuslengthmeasurements asso plottedseeFigure 615. The maximum
capacitancevas obtainedor 36 um MW-VACNTS; this capacitance is related toe
surface area of the electrode. Therefore, electrodin 36 um MW-VACNTSs have a

higher effectivesurface area as comparedherest of the samples
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Figure 612 Electrochemical impedance spectroscopy oPPandvIW-VACNTI Pt
cellsin dark(measured data)

Rctl Rct2

Rs

CPE1 CPE2

Figure 613: Equivalent circuit used to fit EIS plotsr MW-VACNT-Pt cells.
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of CNT lengthfrom EIS of two terminal electrochemicagllscharacterized in the dark

6.4.3.3. Cyclic voltammetry (CV)

Cyclic voltammetrywas also done for these electrochemical ¢elkhe dark seeFigure
6-16. The cyclicvoltammogramslearly indicate thathe magnitudes obverpotentiab

needed taeachthe peak reduction and oxidation currents mmeimum for the 36 pum
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long MW-VACNTSs as compared to the rest of the samplégrefore, 36 um lontyiW -

VACNTs electrochemiclacells have shown higin electrocatalytic activity.
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Figure 616: Cyclic voltanmograns of MW-VACNT-Pt cellswith varying CNT lengths
in the dark

6.4.3.4. Small angle X -ray scattering ( SAXS)

From EIS measurements, we found that @6 long CNTs havehe highest effective
surface areal o further investigate the causetbfs high effectivesurface area of 36 um
long CNTs, SAXS was performe¥W-VACNTs with variouslengthswere grown on

Cu foil (5 pm in thickness). For SAXS measurements, Cu foil (5 um) was used as
substrate becauserdys attenuate relatively less with Cu as compared to Fe, Niand C
which are the main constituents of stainless s@&KS plots are shown iRigure 617.

It was found that with increasing lengthe meanradius of CNTs decreaséseeFigure
6-18). In other words, the CNTs taper with increasing lengthis maybe related to the

increase in surface area of the CNTs

Effectively, the electrolyte is only penetrating the top portion of the nanotube forest. It

could ako be the case that ion transport cannot reach the entire length of the nanotubes.
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Therefore, there is some effective layer of electrolyte on top which is contributing to
charge transfer. When CNTSs are shorter than this effective distaroethe entir€€NTs

are in that effective region. Ale CNT length increaseshe surface area increasdbe

Rct goes down andhe capacitance goes up. Whéine CNTs are longer than that
effective regionandif the CNTswere tostay exactly same, g and capacitanceould

stay constant. However, our SAXS measurements show that as the CNTs get longer, their
radii become smallerAs the bottom of CNT is already grown, the number of tubes per
unit area stays constant, so the radius of the entire tube does not chanyepdsed

that tapering is happeniramnd therefor@nly their top surface area gets smaller. As CNTs
get longer, the penetration depth stays the samthbutradii at the toget smaller. For

this reasonthe overallarea goes down,dR goes up andhe cgpacitance goes down. In
other words, as the CNTs initially get longdcr decreases anthe capacitance
increases. Upon reachitige point where the CNTs are longer than the effective region,
the surface area again decreases as the tube diameters deneddsg Rt higher and

the capacitance smallérhus, an optimum CNT length exists that minimizes &d he

best results are from CNTs having the largest surface area within this effective distance.
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Figure 617: SAXS of MW-VACNTSs with different lengths grown on Gaoil (5 pm).
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6.4.3.5. Electrical transport measurements using Hg drop
method

Electrical transport measurements wenade on MVWVACNT/AI,Os/stainless steel
electrodes and bare Ads/stainless steel substrates using a Hg drop electrode in contact
with the top surface of each sample. Conduction through theMAWNT/AI ;O3 to the
stainless steel substrate was found to bmi©hwith a specific resistance much less than
the series resistance present in the DSSCs. Conduction through the karevad found

to be exponential in voltage, consistent with electron tunneling through the oxide, with a
differential resistance (at volts) larger in magnitude than that of the MW
VACNT/AI .03 samplesThis indicateghat the current does not actually pass through the
Al,O3, but most likely though pinholes that allow direct contact between the MW
VACNT forest and the substrate.

6.4.3.6. Thermal gravimetric analysis (TGA)

Thermal stability of MWVACNTs was studied using TGA.GA and DTG plots of
MW-VACNTsare shown irFigure 619. MW-VACNTSs log all thar mass a674C but

still 1% residue is left behindvhichis most probably iron catalyst.

91



2.5
100 |
| 2 |D
80 - . e
] =
] € 15 2
2\_0. 60 1 cr%
= =
o] L1 &
= 40 o
20 | L 0.5
O e T T - e T 0
0 100 200 300 400 500 600 700

Temperature (°C)

Figure 619: TGA and DTG plots of MWWACNTSs grown with WA-CVD.
6.5. CONCLUSIONS

XPS and electrical studies showed that Fddated glass is not a suitable substrate for
direct growth of MWVACNTs. In the presence of the process gases at elevated
temperatures, the fluorine is leached from the FTO, andinhexide is reduced to tin
metal, which dewets from the surface, leaving isolated islands of tin coated with native
oxide. Inexpensive substrates including aluminum and stainless steel can be used as
substrates for CNgrowth DSSCs have been demonstratdgth comparable metrics to

those constructed using a traditional Pt counter electrode. Length versus exposure time
studies showed that growth rate of MWACNTs was ~0.9 um/sec for WAEVD
method. V, EIS, CV and SAXS measurements showed that-MMCNTs with a 36

pm length gave goodoverall performance i.e., ~86%s efficient as Pt-based DSSCs.
SAXS measurements showed that with increasing growth tiheeradius of MW
VACNTSs decreased. Although the series resistance and-@hmuit current density of

the CNT cell was slightly inferioas compared to Rtased DSSGsmproving the growth
conditions and functionalization of the nanotubes to optimize cell efficiency are

promising routes to producing-Ree DSSCs that do not sacrifice efficiency.
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CHAPTER 7 APPLICATIO N OF CARBON

DERIVED FROM NCC IN DSSCs

In this chapter, application of carbon derived from pyrolysis of nanocrystalline cellulose
(NCC) as the counter electrode of DSSCs is discusdeel.dfect of pyrolysis on the
conductivities of the substrates is alsscdssed. Finally, characterization of these carbon

films and performance of DSSCs fabricated is also discussed.

7.1. | NTRODUCTION

Nanocrystalline cellulose (NCC) is an emerging nanomaterial that has been studied
extensivelysince its discovery® due to its easgvailability, low-cost, renewability, non
toxicity and uniqueoptical propertied’’ It has been used in many diverse applications
such as nanocomposite filM% drug delivery’®, and lithium battery product&’ It has

recently been demonstrated as asubstrater fr ecycl abl €% organi c

7.2. CHARACTERIZATIONO F NCC FILMS AND DSSCs

Many substrates were investigated, including fluodoped tin oxide coated glass
(FTO), stainless steels, indium tin oxide (ITO), and various noetiings (Cr, Au) on
eitherFTO or ITO.Preparations of NCC films are discussed in chap8mMietal nitrides
were formed dring the pyrolysis undemN, of NCC films deposited on different metal
films. These metal nitrides had insulating characterigidsbiting highsheet resistece.
For this reason, NCC films deposited on different nsetadd their coatings are not
suitable for DSSC fabricatiolhe results reporteth this chaptemere obtained using
FTO-coatedglass

7.2.1. Appearance of dropcast NCC films

Images of NCC drojeast films before and after pyrolysis are showkigure 71 (a, b).
The ascast NCC films were transparent, as can be seEmgure 71 (a). After pyrolysis
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the optically transparent NCC films were transformed into opaque fliask seeFigure
7-1 (b). The mechanisms of cellulose pyrolysis are described elsewWhetew
temperature (~600°C) carbonization of NCC introduces micropore formatitwe fimal
black film.*®*® This can be advarmgeous as it enhancebe surface area of this
mesoporous carbon film relative tmpyrolyzedNCC, which preserd a large electrode

area forthereduction of triiodide.

(b)
Figure #1: a) Drop-castNCC film on FTO befeoe pyrolysis b) Drop-cast NCC film on

FTO afterpyrolysis
7.2.2. Atomic force microscopy AFM)

AFM images of these drepast films of NCC were also collected in order to study the
morphology Figure 72 (a, b)). AFM indicates significant changes in morphology. At
first glance, the vertical scales of the two AFM micrographs appear similar. Before
pyrolysis, the samples exhibited rbkie nanctructures in agreement with previous
studies'®* Following pyrolysis, the image appears to consist of identical triangular
features of differing heights. These are AFM tip artifacts, indicating the presence of a
large density of sharp, high aspect ratioesgigs on the surface. In effect, each of these
asperities is imaging the AFM tip.
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Figure 72: a) NCC film ascast on FTO, b) Pyrolized NCC filon FTQ
7.2.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed to evaluate the thermal stability of pyrolyzed
NCC. TGA data along with its first derivative with respect to temperature (TGhr
pyrolyzed NCCare plotted irFigure 73. From the TGA and DTG curves, two stages are
observed. The firgs at T<128C and the second in the range 314FZ2°C. Theinitial

mass loss in the first stage is attributed to the evaporation of adscabsdimpyrolyzed
NCC. The mass loss in the second stage corresponds to the combustion of pyrolyzed
NCC (char) along with the production of CO which undergoespbase oxidation to

CO, 8518 Most of the mass loss occurs below 500°C but still ~10% residue is left. The
temperature window of the second stage observed hasebeen assigned to the
combustion ofamorphous carbon in previous studi&d® This finding is in agreement
with previous reportsusing XRD to determine the presence of amorphous carbon
following pyrolysis of NCC under nitrogefi° TGA of NCC pyrdyzed at 4 hrs and 8 hrs

at 600C was also conducted and it was found to be indistinguishable from ttreg bf

hr sample (se€igure 74), indicating that even 1 hr pyrolysis is sufficient to completely

convert NCC to amorphous carbon.
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Figure 73: TGA and DTG of 1 hr pyrolzed NCC.
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Figure 74: TGA of NCC pyrolyzed for 1, 4 and 8 hrs.
7.2.4. DSSC fabricationusing drop-cast NCC films

DSSCs were fabricated using 1 hr pyrolyzed NCC films on FTO as counter electrode.
Fabrication of photoanodevasperformed as discussed in chapter 4.1 including the spin
coated TiQ blocking layer, butwithout TiCl, treatment.60 um Surlyn was used as a

spacer betweethe photoanode and counter electrode.
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7.2.5. Current density-voltage J-V) analysis

Dark and lluminated 3V curves forDSSCconstructed using the NCC counter eledas

are illustrated inFigure 75 and Figure 76, respectively Performance metrics of this
DSSC extracted from-V curves are given ifable 7#1. At 1 sun illumination, the cell
achieve a power conversion efficiency of 3.8%, a fill factors&%o, and an opercircuit
voltage of 0.7 V. By analyzing the slope of th¥ &urves around the opagircuit point,

we note that these cells contain a signiftcegries resistance. At one sun, the specific
series resistance is approximately 20 OhnmP¢mR&4 500 Oh ms) , and at
approximately 2 Ohm*cn? ( R& 3 0 0 . Givemtd neasquare geometry of the
substratethe series resistance contributed bg £FTO would be comparable to its sheet
resistancedollowing pyrolysis(a 3 8600 Ohmgsquare) We thereforeconclude that the
majority of the series resistance observed in tkiecdrves is, in fact, due to the substrate
itself, and not due to transport the NCC film, electrolyte, or due to charge transfer at
the electrolyte/counter electrode interface. This is obviously not ideal, as losses in the
substrate, and not the cell, are therefore responsible for limiting the fill factor and power
conversion eftiency at higher illumination. This highlights the importance of

developing substrates that can better withstand the pyrolysis processing conditions.
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Figure 75: Dark JV curve of DSSC witldrop-castNCC derived carbon CE.
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Figure 76: J-V curves of DSSC witldrop-castNCC derived carbon CE under various

sunintensities

Sun  Voc (V) £0.005 Jsc (MA/cm?)  FF (%) h (%)

Y2 Sun 0.674 3.9+0.4 65+1 3.4+0.3
1 Sun 0.703 9+1.0 58+1 38+0.4
2 Sun 0.722 18+2 49+1 3.1+0.3
3 Sun 0.731 30+3 41+1 2.8+03
4 Sun 0.741 37+4 36+1 2.4+0.2

Table 71: Metrics extracted from-¥ curvesof DSSC with dropcast NCC derived

carbon CE under various simensities

Theperformance metrics of these cellsfasction of illumination are presented figure

7-7 and Figure 78. We found thatVoc scales as the logarithm of thdlumination
intensity as expecteds€e Equation 81, Figure #8). The nhset plot shows a linear
increase of shottircuit current density §2) with increasing illumination. The power
conversionefficiency peaks at 1 sun (34 and declines to &% at fou suns. We
attribute much of this decline t6R losses in the substrate contribution to the series
resistance, as discussed above. The decreasing FF with increasing illumination is also

indicative of these’R losses.
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Figure 77: Cell metrics of DSSC with dropcast NCCderived carbon CE under various
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7.2.6. Electrochemical impedance spectroscopy (EIS)

EIS was also conducted for FTO/NCC two terminal symmetric cells. This symmetric
electrochemical cell was filled with same elebtte used in DSSC fabrication. A
silicone Gring (I.D 7 mm, area 0.385 d@nwas used as spacer. A Nyquist plot is shown
in Figure 79; the datawerefit usingz-view. An equivalent circuitconsisting of garallel
combination ofa resistor anda CPE was used to model NCC/electrolyte interfadee
diameter of the semicircl®9 Ohms) corresponds to the series combination of the charge
transfer resistance at the two eftedes. The specific charge transfer resistance is
therefore 19 + 1 Ohm*cfnfor the NCClelectrolyte interface, comparablethie series

resistanceRs) derived from illuminated-¥ curves of the DSSCs.
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Figure 79: Nyquist plot of FTANCC two terminal symmetric cetif drop-cast
pyrolyzed NCC film electrodes

7.3. PREPARATION OF NCC FILMS BY SPIN COATIN G

NCC films were also prepared by sfoating 5.5 wt% NCC on FTOlhe layer was
deposited by spin coating two stepsin first the stepa spinning rate of 80 rpm for5
minutes was used. In the second step, a spinning rate of 2000 rpm for 5 minutes was

used After spin coatingthe samplevas annealed fd2 minutes at 125°C on a hot plate
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in order to dry the NCC. Follawg drying, this was pyrolyzed with the same procedure

discussed in chaptdr3.2 DSSCs were fabricated and tested as discussed in chdpter 4
7.3.1. Current density-voltage J-V) analysis

Dark and illuminated-¥ curves are shown iRigure 710 andFigure 711, respectively.
Metrics from these curves are shownTiable 72. By analyzing the slope of the\J
curves around the operircuit point, we note thahis cell has a loweseries resistanaes
compared to the cell fabricated with drogsting i.e., at 1 sun, the series resistance of the
cell is 334 ohms (13.4 Ohm*@nwhile dropcasted cell has series istance ~500 ohms

(20 Ohm*cnf). Due to this lower series resistance, the FF is higher forcspited
devices. This low series resistance can be related to the thickness of the NCC films: drop
casted films are thicker as compared to smated films. Dung pyrolysis of NCC,

thicker NCC will result in a higher series resistance.
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Figure 710: Dark JV curve of spircoated NCC counter electrode DSSC.
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Figure 711: J-V curves of spircoated NCC counter electrode DSSC una@gious sun

intensities
Sun Voc (V) #0.005 Jsc(mA/cm?) FF (%)  h (%)
Y Sun 0.610 4.1+0.4 671  3.4+0.3
1 Sun 0.646 8.740.9 65+t1  3.6+t04
2 Sun 0.650 20+2 60+1  3.9+04

Table 72: Metrics extracted from-¥ curves of spircoated NCC counter electrode
DSSC.

7.4. CONCLUSION S

We have demonstrated a cardmsed counter electrode material for DSSCs derived
from nanocrystalline cellulose. The material is abundant, renewabletoxion and
sustainable. Power conversion efficiencies of nearly four percent have been measured in
standard N3 dye/iodid&iiodide electrolyte DSSCs. High series resistance due to the
increased sheet resistance of the FTO substrate during pyrolization of the NCC has been
identified as a major loss mechanism in the céflere work is requiredto identify
appropriate counter electrode substrates and optimized NCC deposition techniques that
will enable higher power conversion efficiencies
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CHAPTER 8 PRECIOUS METAL -FREE ORGANIC

DYES

This chapteideals with the application of precious mdtale organic dye sensiticeein
DSSCs based on selssembled monolayers of phosphonates of simple oligothiophenes.
The dfect of increasing their conjugation units and incorporation of various anchor

groups on device performance is also discussed.
8.1. BACKGROUND

A variety of functioml groups can be used to bind the organic and organometallic dyes to
the oxidebut carboxylate and phosphonate groups are commonly Uibedarboxylate

group is compried of delocalized electronic states due to its conjugated nature.
Therefore, electronransfer to the oxide is thought to beasier as compared to
phosphonate groups which are not conjugated. On the other hand, phosphonate groups
are known to be more stable in terms of desorption from oxide surface under agueous and
alkaline conditionsBreman et al. found higher solar conversion efficie(@y7%)for
carboxylatelinked porphyrin sensitizers as comparedheir phosphonate counterpart
(0.25%). They found thathe carboxylatelinkage is more quickly hydrolyzed and
desorbed from the oxide surface under alkaline conditions thanphosphonate
linkage'®®. Bae et al. found thathe phosphonatdinkage was more stablethan the
carboxylatelinked ruthenium sensitizeon TiO, in aqueousonditions®™. In acombined
theoreticaland experimentastudy Bauer et al. found phosphonates arere strongly

bound to aluminum oxide than carboxykbg/ studying adsorptioanddesorption oi-

alkyl phosphonic and carboxylic acids 8i0, surface§’>. Some other metdree dyes

have been studied from theoretical perspettivé*'®®, but not yet experimentalfy®®’

The goal of this work was to use metiae self-assembled monolayers of phosphonates
of simple oligothiophenes as dye sensitizers in DSSCs in lieu of conventional ruthenium

based dyes. The effect of systematic structural modification of these systems in terms of
103



increasing number of thiophene units on the pevegversion efficiency of DSSs was
studied.The behavior and role of carboxylate and phosphonate anchoring groups (4TCC
and 4TCP) was also studied towards the chemical stability of the monolayer to water,
photoelectronic coupling with the chromophore, chemical absorptivity on the TiO

surface, andverallperformance of DSSCs.

In previous studies,rganic dyesadsorbed on Ti@have been characterized by various
tecmiques including UWis absorption spectroscopyyater wetting contact angle
measurementsatomic force microscopy (AFM)ellipsometryand x-ray photoelectron
spectroscopy (XP$¥, butthe loading of these dyes &aot been measured directly. A

few studies have been done in which indirect measurements of dye loadings
studied®. In order to understand the role of dye iogdon DSSG performance, direct
measurements of surface molecular loading were made by quartz crystal microgravimetry
(QCM). In our work, the molecularloadings of 3TP-6TP were comparable; the
performance of DSSEOwith these dyes can be associangth the change in the number

of thiophene units.

8.2. SYNTHESIS OF ORGANIC DYE SENSITIZERS AND

THEIR CHARACTERIZATI ON

All organic dyes used in this work wersynthesized and characterized, almsity
functional theory (DFT) calculationzerformedpy Prof. JeffreySchwartz and Dr. Kung
Ching Liao PrincetonUniversity). Fabrication and analysis of DSSCs using these dyes
were done by the author at Dalhousie University.

8.2.1. Oligothiophene dyes

U-Oligothiopher2-yl phosphonic acids 3TP, 4TP, 5TP and 6TP were synthé%ized
their structuresire shown irFigure 81. UV-vis absorption spectra aff P for n=[3,6] in
THF solution are shown ifrigure 82, andimportantparameterextracted from these

spectraare given inTable 81. These parameterancluding structure and energy
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potentials of 3STRTP, were calculatedsing density functional theo{FT) (B3LYP/6-
31G*).Absor pti on wayVv gd) ef 8TRETP indicatedredrsaifting and an
increase in absorption coefficient witicreasing number dghiophene units. This can be
attributed to theeffective conjugation length of the chromophd?®¥sT h gnaxamd molar
extinction coefficients ( U df 3TPR-6TP were compaable to the unsubstituted
Uoligothiophenes (3BT)?%, which indicatesthat the phosphonate groups of 6B TP
do not stronglytake parin conjugation wih  t -bligothldphene motifs®.

3TP,n=1
4TP,n=2
5TP,n=3
6TP,n=4

Figure 81: The structure of oligothiophemphosphonategye sensitizers
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Figure 82: Absorption spectra TP-6TPin THF.
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Dye  amax(hm)  U@0*x M*cm®) HOMO/LUMO (eV) Band gap (eV)

3TP 357 2.38 -5.51£2.20 3.31
4TP 395 3.55 -5.18£2.22 2.96
5TP 421 4.16 -5.01£2.27 2.74
6TP 430 4.89 -4.94/2.38 2.56

Table 81: Photophysical properties asdmparativgparametergor the oligothiophene

dyes.

Molecular loadings of 3TBTP on TiQ/SIiO,/Si were prepared usinpefit et her i ng |
aggregati on -BAGI methoddaidmere felsured using QCM. a

typical T-BAG procedure sample substrates are held vertically in the dye solution. As

the solution evaporates slowly, the menisc
behind the monolayer of dye molecules that are segregated at the solution/gas interface in
analogywith LangmuirBlodgett methods. In this case, dyes aresklye physisorbed

from solution onto the substrate. Following evaporation, this sample substrateetsiheat

order to get chemisorbed SAMs of dyes on the substrates. The santipéa rinsed

copiously to remove any remaining physisorbed layers. This pracesgeated several

times to get a saturated SAM thre sample.

Molecular loadings of oligothiophensamples that were prepared simply by dipping
TiO,/SIG,/Si in their solutions were also measured. In this case, reduction of molecular
loading was observed as compared to tABATG method prepared samples. Surface
morphology ofTiO, deposited on SiglSi substrate were studied using AFM, &egure

8-3. SAMs of 4TP formed on Ti@layer by the TBAG method weralsostudied using

AFM, seeFigure 84. Surfaceconforming coverage was found to be comparable to that
of the underlying oxide with rms roughness values of 0.24 nm and 0.28 nm, respectively.
Ellipsometry was used tmeasire the thicknesses of SAVbf 3TR6TP grown on TiQ
surfaces, se€able 82.
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Figure 83: AFM images of TiQ (2 nm)/SiG/Si: (a) 5mm x 5nm (rms roughness: 0.28
nm); (b) Irm x Imm (rms roughness: 0.37 nm)

1.6 nm

(a) (b)
Figure 84: AFM images o4TP (1.5 nm)/TiQ/SiO,/Si: (a) 5mm x 5mm (rms roughness:
0.24nm); (b)Imm x Inm (rms roughnes 0.38 nm)

Dye Contactangle {)  Film thickness (nm) Molecular loading (nmol/cnf)

3TP 80 1.1 0.64(0.58)
4TP 82 1.5 0.65'(0.55)
5TP 76 1.8 0.61%(0.49¥
6TP 79 2.1 0.62(0.51)

Table 82: Monolayercharacterizatioparameters a3 TP-6 TP dyes; a (SAMs prepared
by T-BAG method); b (SAMs prepared by dipping in 0.1 mM in THF).
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8.2.2. Cyanovinyl carboxylate and cyanovinyl

phosphonate dyes

Cyanovinyl carboxylatevas used as an electranthdrawing group in the design of
organicdyes®®® Their role was to shift the absorption maxima towards the visible portion
of the solar spectrum. While comparing carboxylate and phosphonate anchoring groups,
studies have shown that dyes with phosphonate anchors adsorbed on semiconductors can
resut in faster injection times and higher total power conversion efficiencies than
carboxylate anchot®. Therefore, phosphonate and carboxylate anchors attached to
cyanovinytconjugated oligothiophene dyes are studied here. Structures of the cyanovinyl
carboxylates and cyanovinphosphonads are shown inFigure 85. UV-vis absorption
spectra ofthese compoundsn THF solution arealso measurednd the important
parametersextracted from these specteame given inTable 83. These parameters
including structure and energy potentials, were calculageDFT (B3LYP/6:31G*).

3TCP,n=1; R = POsH,
ATCP, n=2; R = PO3H,
3TCC,n=1;R=CO,H
4TCC,n=2;R=CO,H

Figure 85: The structure ofyanovinyl carboxylate and cyanovimthosphonatdyes.

A comparison of bsorption spectraf the cyanovinyl carboxylate and cyanovinyl
phosphonat¢erminated oligothiophene dyesd the effect of the cyammyl group are
shown inFigure 86 andFigure 87, respectivelyA red-shift of their absorption maxima

with higher extinction coefficients was observed as compared to their oligothiophene dye
counterpartsTable 81). Phosphonatéerminated dyes absorbed at shorter wavelengths,
but with larger band widths and higher extinction coefficients compared to their
carboxylate analogs. This associatedwith the eletronwithdrawing character of

cyanovinyl carboxylatand cyanovinyphosphonate groups.
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Figure 86: Absorption spectran THF of cyanovinylphosphonatspecie3TCP, 4TCP)
with cyanovinylcarboxylatespecies (3TCC, 4TCOC
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Figure 87: Absorptionspectra in THFf cyanovinytsubstitutedligothiophene
phosphonat€3TCP, 4TCPWwith theirunsubstituted phosphonatengener¢3TP, 4TP)
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Dye  amax(nm)  U@0*x M'ecm®) HOMO/LUMO (eV) Band gap(eV)

3TCP 397 (413f 5.96 -5.42/2.51 2.91
3TCC 413 (416) 4.23 -5.39/2.56 2.83
ATCP 413 (438Y 6.90 -5.10/£2.57 2.53
ATCC 436 (440 5.77 -5.07/2.62 2.45

Table 83: Photophysical properties andmparativgparametersor thecyanovinyl
carboxylate and cyanovinghosphonadye sensitizers Absorptions of charg&ransfer

transitionwere measured in THE Absorption spectra were measured in DMF

SAMs of 3TCP, 4TCR3TCCand4TCPwere prepared usingBAG and simple dipping
methods. Figure 88 showed the AFM images of4TCRTIO2/SiO/Si and
ATCOTIO2/SIO/Si prepared using the-BAG method from InM solution in THF. Both

of the images showed a conforming monolayer with the same homogeneity and surface
roughness as that of the underlying oxide. Molecular loadings of these samples are also
given in Table 84. In the case of the dipping process, low concentration solutions of
ATCP and 4TCC were prepared in THF/methanol (1:1) and SuBstrates were soaked

for 24 hours in 0.ImM solutions of 4TCP and 4TCC in THF/methanol (1:1). QCM
measurements revealed that 4TCC derivatives did not promote dense packing (0.04
nmol/cnf) as compared to 4TCP derivatives (0.44 nmdijcihis can be associated

with the acidity of the phosphonima carboxylic acid$’**°> The chemical bonding
stabilities of 4TCP and 4TCC were also studied. Substrates were dipped foiirbDin
waterand rinsed with copious amount of dimethyl sulfoxide (6 cycles of dip and rinse).
After rinsing, molecular loadings tfiese samples were measured by QCM. It was found
that the molecular loading afTCC on TiO, decreased by 28% (from 0.47 to 0.34
nmol/cnf), whereas the molecular loadingdfCPwas reduced by only 6%. This shows

that phosphonates were more strongly cherbesd onto TiQ as compared to

carboxylates.
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Dye Contactangle ) Film thickness (nm) Molecular loading (nmol/cnf)

3TCP 76 1.7 0.47(0.41Y
3TCC 72 1.8 0.51(0.43Y
4ATCP 80 2.0 0.52(0.44¥
4TCC 70 2.0 0.55'(0.47f

Table 84: Monolayercharacterizatiopparameters gfhosphonate and carboxylate dyes
4SAMs prepared by -BAG method)’SAMs prepared by dipping in 0.1 mM in THF;
‘SAMs prepared by dipping in 0.1 mM saturated dye solution (~2 mM in THF)

(a) (b)
Figure 88: AFM images of (a) 4TCP (2 nm)/TiBiO,/Si (rms roughness: 0.37 nm) and
(b) 4TCC (2.0 nm)/TiQ@SiO,/Si (rms roughness: 0.42 nm). Scan areanm 5nmm.

8.3. A NOTEON DSSC FABRICATION

Phot@anodes were prepared using the procedure desdribelthpter 4.1, including the
spincoated TiQ blocking layer, butwithout TiCl, treatment unless stated. These were
sent to Prof. Jeffregchwartz and Dr. Kurghing Liao PrincetonUniversity) to deposit
SAMs of the above discussed dye sensitizers. In normal DSSCs, before soaking in N3
dye, the TiQ photoanode was heated to 80°C to eliminate any moisture in the
nanoporous Ti@ matrix. In the case of depositing monolayers of these dyes, Ro pre

heating wasperformed.
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8.4. DSSCS USING OLIGOTHIOPHENE PHOSO PHONATE

AND CARBOXYLATE

JV curves of DSSCéabricated with oligothiophene phosphorsa3dP-6 TP are shown

in Figure 8-9 andthe metrics extracted from-V curves are shown iifable 85. With
increasing number of thiophene units in the dyes; iNcreased monotonically from 0.43
V to 058V, whereaghe Jsc and efficiency increased exponentially. This improvement
of device grformance can be due to a number of reasons. Firstly, as threalgeular
loading for each SAMvas comparable, the improvement can be associated to the red
shift absorption in the spectrurA decreasing gap is necessary, but not sufficient, to
produce hiher efficiencieskor efficient DSSCs hiedye HOMO and LUMQpositioning

is of great importance. The LUM&f the dyemust bepositionedabove theCB minimum

of TiO; (~ -4.3 eVrelative to the vacuuff) for efficient electroninjection. Similarly,
HOMO of the dye must be positioned below the redox potential ([ev@.85 eV, 0.35 V

vs SHEY for I/13) of the redox couple for efficient dye regenerati®he computed
HOMO and LUMO levels for the dyes reported herevadet these necessary criteria.
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Figure8-9: J-V curvesfor 3TP-6TP DSSCsat 1 sun
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DSSCs fabricatettom (cyanovinyl) phosphonat¢4TCP) gave2.3% efficiencyat 1 sun.
This was morethan 50% and 200% greaterthan thosefor 4TCC and 4TP DSSCs,
respectively as shown inTable 85. This higler efficiency can becorrelatel to the
absorbance of 4TCP with a lardeand width (full bandwidth at half heighda. 100 nm)
and higter extinction coefficient@= 6.9 x 1d Mcm™) compared to its carboxylate
(4TCQ or simple thiophene phosphonatdTP) analog, as shown inFigure 810 and
Figure 811. 3T dyes also showed the sabehavior.Therefore, we proposed thagwdce
efficiencyof nT DSSCswasnTCP >nTCC >nTP as shown irFigure 812.
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Figure 810: J-V curves for3TP,3TCC and 3STCHDSSCsat 1 sun
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Figure 811: J-V curves fordTP, 4TCC and 4TCPSSCsat 1 sun

Dye  Voc(V)20.005  Jsc(mA/cm®)  FF (%) h (%)
3TP 0.427 1.3+0.1 54+1 0.3+0.1
4TP 0.465 3.1+0.3 48+1 0.7+0.1
5TP 0.574 7.240.7 61+1 2.5+0.3
6TP 0579 12.2+1.2 59+1 41+ 0.4
6TP* 0.592 15.9+1.6 51+1 4.8+0.5
3TCP 0529 5.4+0.5 48+1 14+0.1
3TCC 0.475 29+0.3 51+1 0.7+0.1
ATCP 0574 6.9+0.7 58+1 2.3+0.2
4TCC 0.502 55+0.6 61+1 1.7+0.2

Table 85: DSSC performanceetricsfor oligothiophene and oligothiophene with
phosphonate and carboxylate dged sun” TiO, with TiCl, treatment

114



6.0

4.0

Efficiency (%}

3.0

2.0 1
N I I
3TP 3TCC 3TCP 4TP aT1cC aTcP 5TP &TP

Figure 812 Comparative DSSC device performance of (oligothiophphe¥phonate,

&TP*

(cyanovinyl)phosphonate, an@yanovinyl)carboxylate dyes.TiO, first treated with
TiCl,.

8.5. PERFORMANCE ANALYSIS OF DSSC s

Understanding the shectrcuit currents and opecircuit voltages of oumTP-based
DSSCs requires analysis of several fundamental photophysical prodagsealy, Voc
increases with increasing illuminatié® In our case, we observed that with increase in
conjugation length for nTP dyeso¥ and $c increased monotonicallyVe suggest that

this observed increase Wfpc is due to the increase in photocurrent (produced at the same
illumination) as the conjugation length of the dye is increased the absorption
spectrum redshifts, aligning more favourably with the solar spectrumparticular, in
simple solar cell mods, a photocurrent sourcey)lis placed in parallel with an ideal
diode®* The magnitude ofplis a linear function of illuminatiofior a given cell Under
opencircuit condtions, all of the photocurrent,, Imust pass through the ideal diode, and
the diode current must equal the photocurrent. Based on the Shockley diode eguation (
1), Voc increases as the logarithm of the photocurf®it° Using the shottircuit
current density as a proxy for the photocurrent, we find\fhatdoes indeed scale as the

logarithm of the photocurrerfEigure 813), indicating that the observed changeVigc

115



with an increasing number of thiophene ringgn be understood as result ofthe
increased photocurrent density.
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Figure 813: Plot of Voc as a function of In ofs¢ for nTP DSSCs

The strong relationship between the stwartuit current density and the number of
thiophene units in the dye reveals an interesting facet of photophysics that pertains to
series of congener dyes that differ not only in band gap but also in molecular size. As
seenin Table 85, the current density approximately doubles with each additional
thiophene unit. As expected, the peak molar extinction coefficient increases as the
number of thiopheneings also increases, and absorption spectrashétl toward the
maximum of the solar spectrum, near 530 (igure 82). Thus, all other structural
factors being equal, we would expect that the current produced by these devices will
increase as thiophene rings are added to théuwlyithin thelimits of system energetics

as discussed in section 8.4 the dye LUMO (HOMO) position were to approattie

TiO, CBM (iodide/triiodide redox potential), charge transfer would slow, and would

negatively impact the device efficiency.
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8.6. CONCLUSIONS

A series of metafree organic sensitizers based on oligothiophenes(eyahovinyl}
terminated oligothiophenes wagnthesized and successfully used as dye sensitizers in
DSSCs. It was found that deviperformancemprovedwith theincrease irconjugation
lengthof the oligothiophene moietieStructural analysis of dye/Tg3ubstrates made by
QCM and AFM showed that these sensitizers adsorbed homogeneously as monolayers
without forming any multilayersQCM studiesshowed that the molecular loadings of
selfassembled monolayers of phosphonates and carboxylates prdpared. pM
solutionson TiO, were denser as compared tosimple solution dippingorocessof
carboxylate dyes onto TiQwhereconcentrations of two to three orders of magnitude
greaterwere required.(Cyanovinyl) phosphonatéerminatedoligothiophenesshowed
broader light absorption spectrand a reeshift in this absorption pealwith higher
extinction coefficientsascompared to their carboxylate analogs. This observadiom
agreementvith the superiorperformanceof DSSCs made witphosphonateompared to
analogous carboxylateerminated dyesin terms of stabilitythe carboxylatesshowed
significant dissociation in aqueous media compared tdahe phosphonatesOverall,
growth of homogeneous SAMs on TiChigh molecular loading, and good stability of
phosfphonate SAMsin terms of desorption undexgqueousconditions exhibit great

potential of these chromophores as mét organic dyes in DSSC technology.
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CHAPTER 9 CONCLUSIONS AND FUTURE

WORK

In this chapter, the major contributions of the work are summanizedction 9.1 andome

key directions for future workre given inSection 9.2

9.1. THESIS SUMMARY

This thesis providethreesignificant contributions to the field of DSSCkhe main goal of
the work presented in this thesis to replace precious materialssed in the current
technology of DSSCs with readily available, sustainable and cheap materials to further

reduce the cost ahistechnology

The first important stepof this work was to understand key concepitgecessaryto
fabricate standard DSSCs withe highest efficienciepossible, as compardd those
available in the literature. In this regard, platinum based standard DSSCs were
successfully optimized to achieve reproducible efficiencies of ~10% with, TiCl

treatments.

The first significant contibution presented hergvas the application of CNTs as an
alternativeto Pt in the counter electrode of DSSCs. While working on this aspect, four
well known CVD methods were used to grow radigned and vertically aligned CNTs
directly on various commonlysed substrate$Ve foundthat FTO-coated glass is not a
suitable substrate for direct growth of CNTs using CVD metllodsto the harsh growth
conditions in the presence of process gabepensive substrates including aluminum
and stainless steel werecgessfully used as substrates for CNT growth. Finally, DSSCs
were successfully demonstrated with MWACNT electrodeswith metricscomparable

to those constructed using-BPdsed counter electrode. DSSCs with MMCNTSs
(length 36 um) gave overall good pamihancei.e. ~86%asefficient asPt-based DSSCs.
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The secondsignificant contributionpresented herevolved the application of carbon
derived from nanocrystalline cellulog®NCC) as an alternative totRn the counter
electrodes of DSSC4gor the firsttime, we successfully demonstrated a carbased
counter electrode material for DSSCs derived from NCC. The material is abundant,
renewable, notoxic, and sustainable. This DSSC gave power conversion efficiencies of
~4%, which is ~58%asefficient asPtbased DSSCs.

Finally, the thirdcontribution inthis thesis involved the application of novel meftae
organic dye sensitizers as an alternative tebRsgl dyes used in standard DSSCs.
Organic dyes have many advantages over orgaeiallic dyes ncludng ease of
synthesisand higher extinction coefficients. A series of organic sensitizers based on
oligothiophenes and (cyanovimyBrminated oligothiopheneswere successfully
employed as dye sensitizers in DSSCs. Oligothiophenes with cyanovinyl phosphonate
showed broader light absorption spectrad-shifted absorption peakand higher
extinction coefficients as compared to their carboxylate analogsebbservabns are

in agreement wittthe superior performance of DSSCs made with phosphonate anchors
versus carboxylate anchors oligothiophene dyes. Also, device performance improved
with the increase in conjugation length of the oligothiophene moieties. DSSCGsafabri

with simple oligothiophene sensitizesse ~62% as efficient asthe cells based on
conventional Rtbased dyes.

Significant contributions are done itmis research worko achieve rain goals by
introducing various alternative materialsRiband Ru i the fabrication of DSSCs. These
materials show comparable performance to standard DSHB@se is still room for

improvements.

9.2. FUTURE RESEARCH DIREC  TIONS

A few interesting future research directions are presented here that are the extension of this

reseach work.
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1 During fabricationof standard Rbased DSSCs with Tigkreatment, highersd
and lower \bc were observed for these devices as compared to the values in
literature. This low \¥c may be due to the presence of HCI in the nanoporous
matrix of TiO, layer. If this HCI can be eliminateérom TiO, nanoporous matrijx
we believe thathe device performance of our standareb&ed cells could be

increased abovel0%efficiency.

1 DSSCs fabricated with CNTs were slightly inferior to thiebased DSSCs in
terms of their series resistance and stduit current density. Further
improvements to get higher efficiency DSS€an be made by optimizing CNT
growth conditions and modifiyg/functionalizng the nanotube surfacesklS
would be usedo investigate thempact on charge transfeesistanceStability

tests of these devices under illumination should also be conducted.

1 During the pyrolysis of the NCC, high series resistance due to the increased sheet
resistance of the FTO substrate has been found msgja loss mechanism in
these devices. Therefore, more work is required to identify appropriate counter
electrode substrategptimize NCC deposition techniques enable higher power
conversion efficiencies for these devic&sirface modificabn/functioralization

of NCC should also be done to improve device performance.

T It would be interesting to fabricate DSSCs with 6TCP ashituld give higher
efficiencies due tdurther redshifting of the absorptionspectrumand higher
extinction coefficients. In adiibn to this, systematic studies of the effect of
various new systems ofdyes having LUMO levels with different electron

affinities on the efficiency of DSSC can be carried out

120



BIBLIOGRAPHY

1. Sopian, K.; Wan Daud, W. RChallenges and future developments in proton exchange
membrane fuel cellRenewable Energ3006,31 (5), 719727.

2. Bisquert, J.; Cahen, D.; Hodes, G.; Ruhle, S.; Zaban, A., Physical Chemical Principles
of Photovoltaic Conversion with Nanoparticulate eddporous DySensitized Solar
Cells.The Journal of Physical Chemistry2804,108(24), 81068118.

3. Moriarty, P.; Honnery, D., What is the global potential for renewable energy?
Renewable and Sustainable Energy Revigi 16 (1) 244-252.

4. US Department of Energy; Energy Information Administrafid07.

5. Chen C. J,Physics ofSolar energyJohn Wiley & Sons: New Yorkk011

6. Lewis, S,., Powering the Planet. California Institute of Techno]@&§05.

7. Technology Roadmasolarphotovoltaic energyinternational Energy Agency (IEA)

8. http://www.nrel.gov/ncpv/images/efficiency chart.j213.

9. Chapin, D. M.; Fuller, C. S.; Pearson, G. L., A New Silicem junction Photocell for
Converting Solar Radiation into Electrical Pow&ournal of Applied Physic§954,25
(5), 676677.

121


http://www.nrel.gov/ncpv/images/efficiency_chart.jpg

10. Hegedus, SS, Luque, A, Status, trends,hallenges and the bright future of solar
electricity from photovoltaics. In Handbook of Photovoltaic Science and Engineering,
Edited by:Hegedus, S.&andLuque, A.John Wiley & SonsWest Susse2003

11. Shockley, W.; Queisser, H. J., Detailed Balance Limit of Efficiency-nfJunction
Solar CellsJournal of Applied Physick961,32 (3), 516519.

12. Renewable energy technologies: cost analysis séniesnatonal Renewable Energy
Agency(IRENA). Volume 1: Power Sectdssue 4/5. Solar Photovoltaics. June 2012

13. Birkmire, R. W.; Eser, E.Polycrystalline thin film solar cellsPresent Status and
Future PotentialAnnual Review of Materials Scient@97,27 (1), 625653.

14. Green, M. A.; Emery, K.; King, D. L.; Hishikawa, Y.; Warta, W., Solar cell
efficiency tables (version 29Progress in Photovoltaics Research and applications
2007,15(1), 3540.

15. Miles, R. W., Photovoltaic solar cells: Choiceméaterials and production methods.
Vacuum 2006, 80 (10), 109097.

16. Deng, X., Schiff E.A., Amorphous silicon-based solar cells. In Handbook of
PhotovoltaicScience and Engineeringdited by S. Hegedus and A. Luque. John Wiley
& Sons West SussexX003.

17. First Solar (2011), First Solar Corporate Overview: Q2 2011, First Solar, Tempe,
AZ.http://www.firstsolar.com/~/media/WWW/Files/Downloads/PDF/FSLR_CorpOvervi
ew.ashx Consulted in 2013.

122


http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Hegedus%2C+S.S.%29
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Luque%2C+A.%29
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Hegedus%2C+S.S.%29
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A%28Luque%2C+A.%29

18. Green, M. A.; Emery, K.; Hishikawa, Y.; Warta, W., Sotall efficiency tables
(version 37)Progress inPhotovoltaicsResearch and applicatior#011,19 (1), 8492.

19. Technology Roadmap: Solar Photovoltaic Energy, IEA/OECD, Platistnatbnal
Energy Agency (IEA)201Q

20. You, J.; Dou, L.; Yoshimura, K.; Kato, T.; Ohya, K.; Moriarty, T.; Emery, K.; Chen,
C-C.; Gao, J.; Li, G.; Yang, Y., A polymer tandem solar cell with 10.6% power

conversion efficiencyNature Commuications2013,4, 1446.

21 http://www.reuters.com/article/2013/01/16/heliatghbhidUSnBw9hD{Sta+114
+BSW20130116

22. Krebs, F. C.; Norrman, K., Analysis of the failure mechanism for a stable organic
phoovol taic dur i ng Hrdyres® i (Phatovol@its: Researchiandg .
Applications2007,15(8), 697%712.

23. Reese, M. O.; Morfa, A. J.; White, M. S.; Kopidakis, N.; Shaheen, S. E.; Rumbles,
G.; Ginley, D. S., Pathways for the degradation of omggiotovoltaic P3HT:PCBM
based deviceSolar Energy Materials and Solar Ce2008,92 (7), 746752.

24. Krebs, F. C., Degradation and stability of polymer and organic solar &ellar
Energy Materials and Solar Cel08,92 (7), 685.

25. Manceau M.; Chambon, S.; Rivaton, A.; Gardettel}. Guillerez, S.; Lemaitre, N.,

Effects of longterm UV visible light irradiation in the absence of oxygen on P3HT and
P3HT:PCBM blendSolar Energy Materials and Solar Cet§10,94 (10), 15721577.

123


http://www.reuters.com/article/2013/01/16/heliatek-gmbh-idUSnBw9hDjSta+114%20+BSW20130116
http://www.reuters.com/article/2013/01/16/heliatek-gmbh-idUSnBw9hDjSta+114%20+BSW20130116

26. Petes, C. H.; SachQuintana, I. T.; Kastrop, J. P.; Beaupré, S.; Leclerc, M,;
McGehee, M. D., High Efficiency Polymer Solar Cells with Long Operating Lifetimes.
Advanced Energy Materiak011,1 (4), 491494.

27. Gratze] M., Molecular photovoltaics that mimic photosynthes$tsire and Applied
Chemistry2001, 73 (3) 459467.

28. Gratzel, M., Recent Advances in Sensitized Mesoscopic Solar @eltsunts of
Chemical Researck009,42(11), 17881798.

29. Liu, M. Z.; Johnston, M. B.; Snaith, H. J., Efficient planar heterojunction perovskite
solar cells by vapour depositiddature2013,501(7467), 395398

300Gueymard, C. A., The sunodos total and spec
and solaradiation modelsSolar Energy2004,76 (4), 423453.

31 Willson, R. C.; Hudson, H. S., Solar luminosity variations in solar cycleNature
1988,332(6167), 816312.

32 Gast P.R., Solar Radiation, in Handbook of Galwysics,Edited by C.F. Campen et
al.,14-30, 1960

33. American Society for Testing and Materials (ASTM) Terrestrial Reference Spectra
for Photovoltaic Performance EvaluatichSTM G17303 Tables).

34. Papageorgiou, N.,  Countelectrode  function in  nanocrystalline
photoeéctrochemical cell configuration€oordimation Chenistry Revews 2004, 248
(13-14), 14211446.

124



35. Koo, B. K.; Lee, D. Y.; Kim, H. J.; Lee, W. J.; Song, J. S.; Kim, H. J., Seasoning
effect of dyesensitized solar cells with different counter electrodésurnal of
Electrocerants 2006,17 (1), 7982.

36. Wanga, X:F.; Tamiaki, H., Cyclic tetrapyrrole based molecules for-skmesitized
solar cellsEnergy& Envirorental Scence 201Q 3, 94 106.

37. Millington, K. R.; Fincher, K W.; King, A. L., Mordant dyes as sensitisers in dye
sensitised solar cellSolar Energy Materials & Solar Cel2007, 91, 1618 1630

38 Wang, M. ; Anghel , A. M. L. MaPoan,y alBul c hCo
Zakeeruddi n, S. M. ; Gr 2t z e knt Elebtrocataly§tdd® S u p e

Triiodide Reduction in Dy&Sensitized Solar Cells. Journal of the American Chemical
Society2009 131(44), 1597615977.

39. Lin, J-Y.; Liao, J:H.; Chou, SW., Cathodic electrodepositioof highly porous
cobalt sulfide counter electrodes for esensitized solar cells. Electrochimica A2@i ],
56 (24), 88188826.

40. Lin, J-Y.; Liao, J:-H.; Wei, T-C., Honeycombdike CoS Counter Electrodes for
Transparent Dy&ensitized Solar Cells. Eigochemical and Solidtate Letter@011 14
(4), D41DA44.

41. Lin, J-Y., Mesoporous Electrodeposit€bS Film as a Counter Electrode Catalyst in
Dye-Sensitized Solar Cells. Journal of The Electrochemical So2(t§ 159(2), D65.

125



42. Zhang, X.; Wang, S.; Lu, S.; Su, J.; He, T., Influence of doping anions on structure
and properties of electqpolymerized polypyrrole counter electrodes for use in-dye
sensitized solar celldournal of Power Sourc2614,246(0), 491498.

43.Yin, X.; Wu, F.; Fu, N.; Han, J.; Chen, D.; Xu, P.; He, M.; Lin, Y., Facile Synthesis
of Poly(3,4ethylenedioxythiophene) Film via Solstate Polymerization as High
Performance PEree Counter Electrodes for Plastic Efyensitized Solar CellsACS
Applied Materias & Interface2013 5 (17), 84238429.

44. Zhang, X. N.; Zhang, J.; Cui, Y. Z.; Feng, J. W.; Zhu, Y. J., Carbon/Polymer
Composite CounteElectrode Application in Dy&ensitized Solar CellsJournal of
Applied Polymer Scien@013,128(1), 7579.

45. Wu, H.; Lv, Z.; Chu, Z.; Wang, D.; Hou, S.; Zou, D., Graphite and platinum's
catalytic selectivity for disulfide/thiolate §1T") and triiodide/iodide ¢/I). Journal of
Materials Chemistry011,21 (38), 1481514820.

46. Veerappan, G.; BojanK.; Rhee, SW., Submicrometersized graphite as a
conducting andcatalytic counterelectrode fordye-sensitizedsolar cells. ACS Applied
Materials & Interface011, 3 (3), 857862.

47. Murakami, T. N.; Ito, S.; Wang, Q.; Nazeeruddin, M. K.; BesshpC&sar, I.; Liska,
P.; HumphryBaker, R.; Comte, P.; Pechy, P.; Gratzel, M., Higkfficient dye-
sensitized solar cells based oncarbon black counter electrodes. Journal of The
Electrochemical Societ006 153(12), A2255A2261.

48. Chen, Y.; Zhu, Y. J.; Chen, Z. G., Thrdenensional ordered macroporous carbon as
counter electrodes in dygensitized solar cellhin Solid Films2013,539, 122126.

126



49. Imoto, K.; Takahashi, K.; Yamaguchi, T.; Komura, T.; Nakamura, Murata, K.,
High-performance carbon counter electrode for-ggasitized solar cellSolar Energy
Materials and Solar Cell2003,79 (4), 459469.

50. Huang, Z.; Liu, X.; Li, K.; Li, D.; Luo, Y.; Li, H.; Song, W.; Chen, L.; Meng, Q.,
Application of carbon materials asounter electrodes of dysensitized solar cells.
Electrochemistry Communicatio2607,9 (4), 596598.

51 Lee, W. J.; Ramasamy, E.; Ld2,Y.; Song, J. S., Efficient dysensitized solar cells
with catalytic multiwall carbon nanotube countéeatrodes ACS Applied Materials &
Interfaces2009,1 (6), 11451149.

52. Huang, S.; Sun, H.; Huang, X.; Zhang, Q.; Li, D.; Luo, Y.; Meng, Q., Carbon
nanotube counter electrode for higfficient fibrous dyesensitized solar celldlanoscale
Research Letterd012,7 (1), 1-7.

53. Hao, F.; Wang, Z.; Luo, Q.; Lou, J.; Li, J.; Wang, J.; Fan, S.; Jiang, K.; Lin, H.,
Highly catalytic crosstacked superaligned carbon nanotube sheets for ibdaalye
sensitized solar celldournal of Materials Chemistr012,22 (42), 2275622762.

54. Hino, T.; Ogawa, Y.; Kuramoto, N., Preparation of functionalized and- non
functionalized fullerene thin films on ITO glasses and the application to a counter
electrode in a dysensitized solar celCarbon2006,44 (5), 886887.

55. Kavan, L.; Yum, JH.; Gratzel, M., Graphene Nanoplatelets Outperforming Platinum
as the Electrocatalyst in €Ripyridine-Mediated DyeSensitized Solar CellsNano
Letters2011,11(12), 55015506.

127



56. Roy-Mayhew, J. D.; Boschloo, G.; Hagfeldt, A.; Aksaly, A., Functionalized
Graphene Sheets as a Versatile Replacement for Platinum iSdngitized Solar Cells.
ACS Applied Materials & InterfaceX)12,4 (5), 27942800.

57. Kay, A.; Gratzel, M., Low cost photovoltaic modules based on dye sensitized
nanocrgtalline titanium dioxide and carbon powd8nl Energ Mat Sol @996,44 (1),
99-117.

58. Wroblowa, H. S.; Saunders, A., Fletwrough Electrodes .25/" Redox Couple.
Journal of Electroanajtical Chemistry 1973,42 (3), 329346.

59. TarasevichM.R.; KhrushchevaE.l.; i n : B. E. Conway, J. O6 M.
(Eds.), Modern Aspects of Electrochemistry, Plenum Press, New Y@8k, 19,295

60. Nam, J. G.; Park, Y. J.; Kim, B. S.; Lee, J. S., Enhancement of the efficiency-of dye
sensitized solar deby utilizing carbon nanotube counter electro8eripta Materialia
2010,62(3), 148150.

61 Ito, S.; Miura, H.; Uchida, S.; Takata, M.; Sumioka, K.; Liska, P.; Comte, P.; Pechy,
P.; Gratzel M., High-conversiorefficiency organic dyesensitized solar cells with a
novel indoline dyeChemical Communicatior08,(41), 51945196.

62. Hwang, S.; Lee, J. H.; Park, C.; Lee, H.; Kim, C.; Park, C.; LeeHMLee, W.;
Park, J.; Kim, K.; Park, NG.; Kim, C., A highly efficient organic sensitizer for dye
sensitized solar cell€hemical Communicatior007,(46), 48874889.

63. Wang, Z. S.; Cui, Y.; Hara, K.; Dawh, Y.; Kasada, C.; Shinpo, A., A Highght-
HarvestingEfficiency Coumarin Dye for &ble DyeSensitized Solar CellsAdvanced
Materials2007,19 (8), 11381141.

128



64 Mi shra, ®.; Ba&uecCl e, P., Functional Ol ig
for Mul ti di mensi onal Nanoar c@enicalcRewews s an
2009,109(3), 11411276.

65. Lee, S:-H. A.; Abrams, N. M.; Hoertz, P. G.; Barber, G. D.; Halaoui, L. I.; Mallouk,
T. E., Coupling of Titania Inverse Opals to Nanocrystalline Titania Layers in Dye
Sensiti zed THeddumal of Creysical CAemistry 08, 112 (46), 14415
14421.

66. Cahen, D.; Hodes, G.; Gratzel, M.; Guillemoles, J. F.; Riess, |., Nature of
photovoltaic action in dysensitized solar cells. Phys. Chem. R000,104 (9), 2053
20509.

67. Hara, K.; Arakawa, H., Current status of eiensitized solar cells. Semiconductor
photochemistry and photophysics. Editors V. Ramamurthykarild S. Schanze2003
10, 123171.

68. Hagfeldt, A.; Gratzel, M., Molecular Photovoltai&sccounts of Chemicdesearch
2000,33(5), 269277.

69. Asbury, J. B.; Ellingson, R. J.; Ghosh, H. N.; Ferrere, S.; Nozik, A. J.; Lian, T. Q.,
Femtosecond IR study of excitsthte relaxation and electramjection dynamics of
Ru(dcbpy)}(NCS) in solution and on nanocrystalline Ti@nd AbOs thin films. Journal

of Physcal Chenistry B 1999,103(16), 31163119.

70. Ramakrishna, G.; Jose, D. A.; Kumar, D. K.; Das, A.; Palit, D. K.; Ghosh, H. N.,

Strongly coupled rutheniwpolypyridyl complexesfor efficient electron injection in

129



dye-sensitized semiconductor nanoparticlésPhys. Chem. R005, 109 (32), 15445
15453.

71 Kuang, D.; Ito, S.; Wenger, B.; Klein, C.; Moser;E]l; HumphryBaker, R.;
Zakeeruddin, S. M.; Gratzel, M., High Molar Exttion Coefficient Heteroleptic
Ruthenium Complexes for Thin Film Dy®ensitized Solar CellsJournal of the
American Chemical Sociej006,128(12), 41464154.

72. Benkd, G.; Kallioinen, J.; Korppfommola, J. E. |.; Yartsev, A. P.; Sundstrém, V.,
Photoirduced Ultrafast Dy¢o-Semiconductor Electron Injection from Nonthermalized
and Thermalized Donor Statekurnal of the American Chemical Socief01,124(3),
489-493.

73. Janne Halme, Dysensitized nanostructured and organic photovoltaic cells: tsthni
review and preliminary tests. idar thesis, Helsinki University of Technolod3002

74. Gratzel, M.; Klug, D. R.; Durrant, J. R., , Dyensitized Mesoscopic Solar Cells.
Nanostructured and Photoelectrochemical Systems For Solar Photon Conversion.
Editors Mary D Archer and Arthur INozik2008 3, 503536.

75. Hagfeldt, A.; Graetzel, M., Lighinduced Redox Reactions in Nanocrystalline
SystemsChemical Review$995,95 (1), 4968.

76. Tachibana, Y.; Moser, J. E.; Gréatzel, M.; Klug, D. R.; Durrant, J. R., Subpicosecond
Interfacial Charge Separation in D$ensitized Nanocrystalline Titanium Dioxide Films.
The Journal of Physical Chemistt®96,100(51), 2005620062.

130



77. Hannappel, T.; Burfeindt, B.; Storck, W.; Willig, F., Measurement of Ultrafast
Photoinduced Electron Transfer from Chemically AnchoredDita Molecules into
Empty Electronic States in a Colloidal Anatase JiIm. The Journal of Physical
Chemistry BL997,101(35), 67996802.

78. Cao, F.; Oskam, G.; Meyer, G. J.; Searson, P. C., Electron Transport in Porous
Nanocrystalline TiQ@ Photoelectrochemical Cell§he Journal of Physical Chemistry
1996,100(42), 1702117027

79. Solbrand, A.; Lindstrom, H.; Rensmbl.; Hagfeldt, A.; Lindquist, SE.; Stdergren,

S., Electron Transport in the Nanostructured ;TI&l ect r ol yte System
Time-Resolved Photocurrent3he Journal of Physical Chemistry 2997, 101 (14),
25142518.

80. Solbrand, A.; Henningsson, ASo'rdergren, S.; Lindstro'm, H.; Hagfeldt, A;
Lindquist, S-E. J., Charge Transport Properties in E3gnsitized Nanostructured TiO
Thin Film Electrodes Studied by Photoinduced Current Transidrts. Journal of
Physical Chemistry999 103 1078 1083.

81. Sommeling, P. M.; Rieffe, H. C.; van Roosmalen, J. A. M.; Schdnecker, A.; Kroon, J.
M.; Wienke, J. A.; Hinsch, A., Spectral response andchdracterization of dye
sensitized nanocrystalline Ti@olar cellsSolar Energy Materials and Solar CeR€Q0,

62 (4), 399410.

82. Hoyer, P.; Weller, H., Potenti@ependent Electron Injection in Nanoporous
Colloidal ZnO Films.The Journal of Physical Chemistt$95,99 (38), 1409614100.

131



83. Schwarzburg, K.; Willig, F.Jnfluence of trap filling onphotocurrent transients in
polycrystalline TO,. Applied Physcs Letters 1991,58 (22), 25202522.

84. de Jongh, P. E.; Vanmaekelbergh, D., Tkapited Electronic Transport in
Assemblies of Nanomet&ize TiQ Particles.Physical Review Letter§996, 77 (16),
3427.

85. de Jongh, P. E.; Vanmaekelbergh, D., Investigation of the Electronic Transport
Properties of Nanocrystalline Particulate Ti@lectrodes by Intensitiodulated
Photocurrent Spectroscopyhe Journal of Physical Chemistryl®97,101 (14), 2716

2722.

86. Koenenkamp, R.; Henninger, R.; Hoyer, P., Photocarrier transport in colloidal
titanium dioxide films.The Journal of Physical Chemistt®93,97 (28), 73287330.

87. Wahl, A.; Augustynski, J., Charge Carrier Transport in Nanostrutt@natase TiQ
Films Assisted by the Selboping of NanoparticlesThe Journal of Physical Chemistry
B 1998,102(40), 78207828.

88. van de Lagemaat, J.; Frank, A. J., Effect of the Sw&taee Distribution on Electron
Transport in DyeSensitized TiQ Solar Cells: Nonlinear Electrefransport Kinetics.
The Journal of Physical Chemistry2B00,104 (18), 42924294,

89. O'Regan, B.; Moser, J.; Anderson, M.; Graetzel, M., Vectorial electron injection into
transparent semiconductor membranes and electric field effects on the dynamics of light
induced charge separatiorhe Journal of Physical Chemistt90,94 (24), 87268726.

132



90. Soedergren, S.; Hagfeldt, A.; Olsson, J.; Lindquist $STheoretical Models for the
Action Spectrum and the Currevibltage Characteristics of Microporous Semiconductor
Films in Photoelectrochemical CellShe Journal of Physical Chemistiyp94,98 (21),
55525556.

91 Solbrand, A.; Lindstrom, H.; Rensmo, H.; Hagfeldt, A.; LindquistES.Sodergren,

S., Electron Transport in the Nanostructured ;TI&|l ect r ol yte System
Time-Resolved Photocurrent3he Journal of Physical Chemistry 2997, 101 (14),
25142518.

92. Dloczik, L.; lleperuma, O.; Lauermann, |.; Peter, L. M.; Ponomarev, E. A.; Redmond,
G.; Shaw, N. J.; Uhlendorf, I., Dynamic Response of -Bgasitized Nanocrystalline
Solar Cells: Characterization by IntensModulated Photourrent Spectroscopylhe
Journal of Physical Chemistry 997,101 (49), 1028110289

93. Bisquert, J.; Vikhrenko, V. S., Interpretation of the Time Constants Measured by
Kinetic Technigues in Nanostructured Semiconductor Electrodes aneSénsitized
Solar CellsThe Journal of Physical Chemistry2B04,108(7), 23132322.

94. Fisher, A. C.;Peter, L. M.; Ponomarev, E. A.; Walker, A. B.; Wijayantha, K. G. U.,
Intensity Dependence of the Back Reaction and Transport of Electrons-8dDgédized
Nanocrystalline TiQ Solar Cells.The Journal of Physical Chemistry 2000, 104 (5),
949-958.

95. Bisquert, J., Chemical Diffusion Coefficient of Electrons in Nanostructured
Semiconductor Electrodes and DB$ensitized Solar CellsThe Journal of Physical
Chemistry B2004,108(7), 23232332.

133



96. Kopidakis, N.; Neale, N. R.; Zhu, K.; van de LagemaatFdank, A. J., Spatial
location of transpostimiting traps in TiQ nanoparticle films in dysensitized solar
cells.Applied Physcs Letters 2005,87 (20), 20210612021063

97. Zhu, K.; Kopidakis, N.; Neale, N. R.; van de Lagemaat, J.; Frank, A. J., hicBuef
Surface Area on Charge Transport and Recombination inJeysitized TiQ@ Solar
Cells.The Journal of Physical Chemistry2B06,110(50), 2517425180.

98. Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H.,-Bgasitized Solar
Cells.Chemical Review2010,110(11), 65956663.

99. Benkstein, K. D.; Kopidakis, N.; van de Lagemaat, J.; Frank, A. J., Influence of the
Percolation Network Geometry on Electron Transport in -Bgasitized Titanium
Dioxide Solar CellsThe Journal of Physical Chemistry2B03,107(31), 77597767.

100. Peter, L. M.; Wijayantha, K. G. U., Electron transport and back reaction in dye
sensitzed nanocrystalline photovoltaic celBlectrochimica Acta200Q 45 (28) 4543
4551.

101 Frank A. J.Kopidakis N. and van de Lagemaat J., Electrons in nanostructured TiO
solar cells: transport, recombination and photovoltaic prope@esrdination Chem.
Rev 2004 248 1165 1179.

102 Ferber, J.; Stangl, R.; Luther, J., An electrical model of thesdgsitized solar cell.
Solar Energy Materials and Solar Cell998,53 (1-2), 2954.

134



103 Hagfeldt, A.; Didriksson, B.; Palmqvist, T.; Lindstrém, H.; Soédergren, S.; Rensmo,
H.; Lindquist, S:E., Verification of high efficiencies for the Gratasgll. A 7% efficient
solar cell based on dysensitized colloidal Ti@films. Solar Energy Materials and Solar
Cells1994,31(4), 481488.

104. Papageorgiou, N.; Maier, W. F.; Gratzel, M., An lodine/Triiodide Reduction
Electrocatalyst for AqQueous and Organic Mediaurnal of The Electrochemical Society
1997,144(3), 876884

105. Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H.,-Bgasitized Solar
Cells.Chemical Review2010,110(11), 65956663.

106. Papageorgiou, N.; Athanassov, Y.; Armand, M.; Bonhote, P.; Pettersson, H.; Azam,
A.; Gratzel, M., The Performance and Stability of Ambient Temperature Molten Salts for
Solar Cell ApplicationsJournal of The Electrochemical Societ996,143 (10), 3099

3108.

107. Haque, S. A.; Tachibana, Y.; Klug, D. R.; Durrant, J. R., Charge Recombination
Kinetics in DyeSensitized Nanocrystalline Titanium Dioxide Films under Externally
Applied Bias.The Journal of Physical Chemistryl®98,102(10), 17451749.

108 Haque,S. A.; Tachibana, Y.; Willis, R. L.; Moser, J. E.; Gratzel, M.; Klug, D. R.;
Durrant, J. R., Parameters influencing charge recombination kinetics isedgéized
nanocrystalline titanium dioxide filmg. Phys. Chem. B000,104(3), 538547.

109 Kuciawskas, D.; Freund, M. S.; Gray, H. B.; Winkler, J. R.; Lewis, N. S., Electron
Transfer Dynamics in Nanocrystalline Titanium Dioxide Solar Cells Sensitized with
Ruthenium or Osmium Polypyridyl Complexeghe Journal of Physical Chemistry B

2000,105(2), 392403.
135



110 lijima, S., Helical Microtubules of Graphitic Carbddature1991,354(6348), 56
58.

111 Saito, R; DresselhausG.;, DresselhaysM.S., Physical Properties of Carbon

Nanotubesimperial College Press, London, 1998.

112 Dirk, M. G.; Nazarig M., Carbon nanotubes and related structures: synthesis,
characterization, functionalization, anppdications(WILEY -VCH Verlag GmbH & Co.
KGaA, Weinheim 2010.

113 Szabho, A.; Perri, C.; Csatd, A.; Giordano, G.; Vuono, D.; Nagy, J. B., Synthesis
Methods of Cebon Nanotubes and Related Materidisterials2010,3 (5), 30923140.

114 Popov, V. N., Carbon nanotubes: properties and applicdflaterials Science and
Engineering: R: Report2004,43(3), 61:102.

115 Journet, C.; Bernier, P., Production of carbanotubesAppl Phys AL998,67 (1),
1-9.

116 Terranova, M. L.; Sessa, V.; Rossi, M., The World of Carbon Nanotubes: An
Overview of CVD Growth Methodologie<Chemical Vapor Depositio2006, 12 (6),
315-325.

117. Endo, M., Grow Carboikibers in the VapePhase Chemtechl1988,18 (9), 568
576.

118 Tibbetts, G. G., Vapegrown carbon fibers: Status and prospeC&rbon1989,27
(5), 745747.

136



119 Ci, L.; Wei, J.; Wei, B.; Liang, J.; Xu, C.; Wu, D., Carbon nanofikard single
walled carbon nanotubes prepared by the floating catalyst meflaolon2001,39 (3),
329-335.

120. Ishioka, M.; Okada, T.; Matsubara, K., Formation and characteristics of vapor
grown carbon fibers prepared in Lionawitz converter ga€arban 1992,30 (7), 975
979.

121 Fonseca, A.; Hernadi, K.; Piedigrosso, P.; Colomer, J. F.; Mukhopadhyay, K.;
Doome, R.; Lazarescu, S.; Biro, L. P.; Lambin, P.; Thiry, P. A.; Bernaerts, D.; Nagy, J.
B., Synthesis of singleand multiwall carbon nanotubes ovesupported catalysts.
Applied Physcs A 1998,67 (1), 11:22.

122 Ivanov, V.; Nagy, J. B.; Lambin, P.; Lucas, A.; Zhang, X. B.; Zhang, X. F;
Bernaerts, D.; Van Tendeloo, G.; Amelinckx, S.; Van Landuyt, J., The study of carbon
nanotubules produced by catatymethod.Chemical Physics Letted994,223(4), 329

335.

123 Colomer, J. F.; Stephan, C.; Lefrant, S.; Van Tendeloo, G.; Willems, I.; Konya, Z.;
Fonseca, A.; Laurent, C.; Nagy, J. B., Laspale synthesis of singieall carbon
nanotubes by catalytichemical vapor deposition (CCVD) metho@hemical Physics
Letters2000,317(1i 2), 8389.

124. Mathur, A.; TweedieM.; Roy, S. S.; Maguire, P. D.; McLaughlin, J. A., Electrical
and Raman Spectroscopic Studies of Vertically Aligned Muilled Carbon
NanotubesJournal of Nanoscience and Nanotechnol@g99,9 (7), 43924396.

125 Ren, Z. F.; Huang, Z. P.; Xu, J. W\Mang, J. H.; Bush, P.; Siegal, M. P.; Provencio,
P. N., Synthesis of Large Arrays of Wélligned Carbon Nanotubes on GlaSkience
1998,282(5391), 1105.

137



126. Wang, N.; Tang, Z. K.; Li, G. D.; Chen, J. S., Materials science: Singled 4 A
carbon nanatbe arraysNature2000,408(6808), 5055.

127. Melechko, A. V.; Merkulov, V. I.; McKnight, T. E.; Guillorn, M. A.; Klein, K. L.;
Lowndes, D. H.; Simpson, M. L., Vertically aligned carbon nanofibers and related
structures: Controlled synthesis and direassemblyJournal of Applied Physic2005,

97 (4).

128 Zhang, G.; Mann, D.; Zhang, L.; Javey, A.; Li, Y.; Yenilmez, E.; Wang, Q.;
McVittie, J. P.; Nishi, Y.; Gibbons, J.; Dai, H., Ukinégh-yield growth of vertical single
walled carbon nanotubes: Hidden roles of hydrogen and oxygy@ceedings of the
National Academy of Sciences of the United States of An20@s 102 (45), 16141
16145.

129 Seidel, R. V; Graham A. P.; DuesbergG. S;, Liebay M.; Unger, E., Kreupl, F.;
Hoenlein W.,. Faster and smaller with carbon nanotyldeaper presented at the 12th
GAAS SymposiumAmsterdamOctober 1115,2004

130 Unalan, H. E.; Fanchini, GKanwal, A.; Du Pasquier, A.; Chhowalla, M., Design
Criteria for Transparent Singall Carbon Nanotube ThiRilm Transistors.Nano
Letters2006,6 (4), 677682.

131 Cao, Q.; Hur, S. H.; Zhu, Z. T.; Sun, Y. G.; Wang, C. J.; Mé&#tl A.; Shim, M,;
Rogers, J. A., Highly Bendable, Transparent THim Transistors That Use Carbon
NanotubeBased Conductors and Semiconductors with Elastomeric Dieleédeanced
Materials2006,18 (3), 304309.

132 Li, J.; Hu, L.; Wang, L.; Zhou, Y.Griner, G.; Marks, T. J., Organic LigBEtnitting
Diodes Having Carbon Nanotube Anoddsno Letter2006,6 (11), 24722477

138



133 Takenobu, T.; Takahashi, T.; Kanbara, T.; Tsukagoshi, K.; Aoyagi, Y.; lwasa, Y.,
High-performance transparent flexible trasters using carbon nanotube film&ppl.
Phys. Lett2006,88 (3).

134. Das, R. K.; Liu, B.; Reynolds, J. R.; Rinzler, A. G., Engineered Macroporosity in
SingleWall Carbon Nanotube Filmslano Letter2009,9 (2), 677683.

135 Trancik, J. E.; Barton, S. CHone, J., Transparent and Catalytic Carbon Nanotube
Films. Nano Letter008,8 (4), 982987.

136. Liu, D.; Fina, M.; Guo, J. H.; Chen, X. B.; Liu, G.; Johnson, S. G.; Mao, S. S,,
Organic lightemitting diodes with carbon nanotube cathodganic interfae layer.
Applied Physcs Letters2009,94 (1), 013110-01311(3.

137. Behnam, A.; Bosman, G.; Ural, A., Percolation scaling of 1/f noise in singlled
carbon nanotube film&hysical Review B008,78 (8), 085431.

138 Gruner G., Carbon nanotube films for transparent and plastic electrdosal of
Materials Chemistry2006,16 (35), 35333539.

139 Cao, Q.; Rogers, J. A., Ultrathin Films of Singl&alled Carbon Nanotubes for
Electronics and Sensors: A Review of Fundameatad Applied AspectsAdvanced
Materials2009,21 (1), 2953.

140 Wu, Z.; Chen, Z.; Du, X.; Logan, J. M.; Sippel, J.; Nikolou, M.; Kamaras, K.;

Reynolds, J. R.; Tanner, D. B.; Hebard, A. F.; Rinzler, A. G., Transparent, Conductive
Carbon Nanotube Film&dence2004,305(5688), 12731276.

139



141 Burnside, S. D.; Shklover, V.; Barbe, C.; Comte, P.; Arendse, F.; Brooks, K;
Gratzel, M., SeHorganization of Ti@ nanoparticles in thin filmsChemstry of Maternals
1998,10(9), 24192425.

142 KalyanasundaranK., Gratzel, M., Applications of functionalized transition metal
complexes in photonic and optoelectronic devidésordination Chemistry Reviews
1998 177, 347414.

143 Hagfeldt, A.; Didriksson, B.; Palmqvist, T.; Lindstrom, H.; Sodergren, S.; Rensmo,
H.; Lindquist, S. E., Verification of High Efficiencies for the Grat@dll - a 7-Percent
Efficient SolarCell Based on Dy&ensitized Colloidal T, Films. Solar Energy
Materials & Solar Cell€ 1994,31 (4), 481488.

144. Barbe, C.J.; Arendse, F.; Comtd.; Jirousek, M.; Lenzmann, F.;, Shklover, V.;
Gratzel, M, Nanocrystalline Titanium Oxide Electrodes for Photovoltaic Applications.
Journal of American Ceramic Socidi997 80 (12), 315771.

145 Ito, S.; Liska, P.; Comte, P.; Charvet, R.; Pechy, RchB U.; SchmidMende, L.;
Zakeeruddin, S. M.; Kay, A.; Nazeeruddin, M. K.; Gratzel, M., Control of dark current in
photoelectrochemical (Til-I3) and dyesensitized solar cells. Chemical
Communication2005,(34), 43514353.

146. Blackburn, J. L.; Barnes, T. M.; Beard, M. C.; Kim, Y. H.; Tenent, R. C,;
McDonald, T. J.; To, B.; Coutts, T. J.; Heben, M. J., Transparent conductive-single
walled carbon nanotube networks with precisely tunable ratios of semiconducting and
metallic nanaitbes. Acs Nand008,2 (6), 12661274.

140



147 Aguirre, C. M.; Auvray, S.; Pigeon, S.; Izquierdo, R.; Desjardins, P.; Martel, R.,
Carbon nanotube sheets as electrodes in organicelmitting diodesApplied Physcs
Letters2006,88(18),183104-1831048.

148 Jakubinek, M.B., Thermal and electrical conductivity of carbon nanotube materials.
PhD ThesisPalhousie University, Halifax, Nova Scot2009 .

149 Liu, C-K., Vertically aligned carbon nanotubes as proton exchange membrane fuel

cell catalyst supporMaster ThesisDalhousie University, Halifax, Nova Scot2007.

150 Chhowalla, M.; Teo, K. B. K.; Ducati, C.; Rupesinghe, N. L.; Amaratunga, G. A. J;
Ferrari, A. C.; Roy, D.; Robertson, J.; Milne, W. I, Growth process conditions of
vertically aligned cébon nanotubes using plasma enhanced chemical vapor deposition.
Journal of Applied Physcs2001,90(10), 53085317.

151 Melechko, A. V.; Merkulov, V. I.; Lowndes, D. H.; Guillorn, M. A.; Simpson, M.
L., Transition between 'base' and 'tip' carbon nanofiber growth mGtesical Physcs
Letters2002,356 (5-6), 52#533

152 Merkulov, V. 1.; Guillorn, M. A.; Lowndes, D. H.; iBipson, M. L.; Voelkl, E.,
Shaping carbon nanostructures by controlling the synthesis prosegied Physcs
Letters2001,79(8), 11781180.

153 Ma, J.; Park, C.; Rodriguez, N. M.; Baker, R. T. K., Characteristics of copper
particles supported on various types of graphite nanofibdarnal of Physical
Chemistry B2001,105(48), 1199412002.

141



154. Merkulov, V. I.; Hensley, D. K.; Melechko, A. V.; Glorn, M. A.; Lowndes, D. H.;
Simpson, M. L., Control mechanisms for the growth of isolated vertically aligned carbon
nanofibersJournal of Physical Chemistry 02,106(41), 1057010577.

155 Merkulov, V.; Melechko, A. V.; Guillorn, M. A.; Lowndes, [.; Simpson, M. L.,
Growth rate of plasmaynthesized vertically aligned carbon nanofibéisem Phys Lett
2002,361(5-6), 492498.

156. Kratschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R., Sok@0CG a
new form of carbonNature1990,347(6291), 354358.

157. Kim, M. S.; Rodriguez, N. M.; Baker, R. T. K., The interaction of hydrocarbons
with copper nickel and nickel in the formation of carbon filameht<atal. 1991,131
(1), 6073.

158 Brown, J. C.; Gulari, E., Hydrogen production franethanol decomposition over
Pt/AI203 and ceria promoted Pt4@8l; catalysts Catalysis Communicatior2004,5 (8),
431-436.

159 Hakvoort, G.; Xiaoding, X., Decomposition of methanol vapour over solid catalyst,
measured by DSQournal of Thermal Analysit291, 37 (6), 12691279.

160 de Souza Lima, M. M.; Borsali, R., Rodlike Cellulose Microcrystals: Structure,
Properties, and Applicationslacromolecular Rapid Communicatio604,25 (7), 77t
787.

161 ElazzouziHafraoui, S.; Nishiyama, Y.; Putaux,-l1; Hew, L.; Dubreuil, F.;
Rochas, C., The Shape and Size Distribution of Crystalline Nanoparticles Prepared by

Acid Hydrolysis of Native Cellulosé8iomacromolecule2007,9 (1), 5765.
142



162 Cranston, E. D.; Gray, D. G., Morphological and Optical Characterizatfon
Polyelectrolyte Multilayers Incorporating Nanocrystalline Celluld&emacromolecules
2006,7 (9), 25222530.

163 Hirschorn, B.; Orazem, M. E.; Tribollet, B.; Vivier, V.; Frateur, I.; Musja¥ii.,
ConstantPhaseElement Behavior Caused by Resistivity Distributions in Films: |.
Theory.Journal of The Electrochemical Soci@10,157(12), C452C457.

164. Briggs, D, Surface Analysis of Polymers by XPS and Static SIM&. 1, p 49.
Cambridge Uiversity PressUK, 1998

165 Abowitz, G.; Arnold, E., Simple Mercury Drop Electrode for MOS Measurements.
Review of Scientific Instrumerit867,38 (4), 564565.

186 Binnig, G.; Quate, C. F.; Gerber, C., Atomic Force Microscéiig/sical Review

Letters1986,56 (9), 936933.

167. Ramasamy, E.; Lee, W. J.; Lee, D. Y.; Song, J. S., Spray coatedwallltarbon
nanotube counter electrode for -ivdide reduction in dysensitized solar cells.
Electrochemistry Communicatio2€08 10 (7), 10871089.

168 Won Jae Lee, Easwaramoorthi Ramasamy, Dong Yoon Lee, Bok Ki Min and Jae
Sung Song, "Dyesensitized solar cells with sprapated CNT counter electrode”, Proc.
SPIE 6038, 60381, 2005.

169 Lee, W. J.; Ramasamy, E.; Lee, D. Y.; Song, J. S., Efficient&yyeitized Cells
with Catalytic Multiwall Carbon Nanotube Counter Electrode€SAApplied Materials

& Interfaces2009 1 (6), 11451149.

143



170 Huang S, Sun H, Huang X, Zhang Q, Li D, Luo Y, MeQg Carbon nanotube
counter electrode for higéfficient fibrous dyesensitized solar cellsNanoscale
Research Letter2012,7(1), 222.

171 Lee,W.J., Lee, D.Y., Kim, LS., Jeong, S.J., and Song, 3f8aycoated carbon
nanotube counter electrodes fyedensitized solar cell§ransactions orElectrical And
Electrorics Materials, 2005 6 (4), 140 143

172 Dong, P.; Pint, C. L.; Hainey, M.; Mirri, F.; Zhan, Y.; Zhang, J.; Pasquali, M.;
Hauge, R. H.; Verduzco, R.; Jiang, M.; Lin, H.; Lou, J., Vertic#lligned Single
Walled Carbon Nanotubes as Lawost and High Electrocatalytic Counter Electrode for
Dye-Sensitized Solar Cell&ACS Applied Materials & InterfaceX11, 3 (8), 31573161.

173Hao, F.; Dong, P.; Zhang, J.; Zhang, Y. C.; Loya, P. E.; HaRge#l.; Li, J. B.; Lou,
J.; Lin, H., High Electrocatalytic Activity of Vertically Aligned SingWalled Carbon
Nanotubes towards Sulfide Redox Shuttiesentific Report2012 368 @), 1-6.

174. Robert A. Sayer, Stephen L. Hodson, and Timothy S. Figheroved Efficiency of
Dye-Sensitized Solar Cells Using a Vertically Aligned Carbon Nanotube Counter
Electrode Journal of Solar Energy Engineeririgg2.2 010: 021007.

175 Li, S.; Luo, Y.; Lv, W.; Yu, W.; Wu, S.; Hou, P.; Yang, Q.; Meng, Q.; Liu, C.;
Cheng, H-M., Vertically Aligned Carbon Nanotubes Grown on Graphene Paper as
Electrodes in Lithiurrion Batteries and Dy8ensitized Solar Cell$Advanced Energy
Materials2011, 1 (4), 486490.

144



176. Ranby, B. G. Aqueous Colloidal Solutions of Cellulose Micellescta Chemica
Scandinavicd 949,3, 649650.

177. Van den Berg, O.; Schroeter, M.; Capadona, J. R.; Weder, C., Nanocomposites
based on cellulose whiskers and (semi)conducting conjugated polydoerhal of
Materials Chemistr2007,17 (26), 27462753.

178 Dufresne, A., Processing of Polymer nanocomposites reinforced with
polysaccharideann o ¢ r yMolecalész010Qdl5, 4111 4128.

179 Maren, R.; Shuping, D.; Anjali, H.; Yong Woo, L., Cellulose Nanocrystal®rug
Delivery. In Polysaccharide Materials: Performance by Desigkmerican Chemical
Society2009 1017, 8191.

180. Azizi Samir, M. A. S.; Alloin, F.; Gorecki, W.; Sanchez;YJ; Dufresne, A.,
Nanocomposite Polymer Electrolytes Based on Baldthylene) and Cellulose
NanocrystalsThe Journal of Physical Chemistry2804,108(30), 1084510852.

181 Zhou, Y.; Fuenteslernandez, C.; Khan, T. M.; Liu,-C.; Hsu, J.; Shim, J. W.;
Dindar, A.; Youngblood, J. P.; Moon, R. J.; Kippelen, B., Recyelabganic solar cells

on cellulose nanocrystal substratesentific. Rerts 2013,3.

182 Lin, Y.-C.; Cho, J.; Tompsett, G. A.; Westmoreland, P. R.; Huber, G. W., Kinetics
and Mechanism of Cellulose Pyrolysighe Journal of Physical Chemistry 2D09,113
(46), 2009720107.

183 Ishida, O.; Kim, D. Y.; Kuga, S.; Nishiyama, Y.; Brown, R. M., Microfibrillar
carbon from native cellulos€ellulose2004,11 (3-4), 475480.

145



184. Habibi, Y.; Lucia, L. A.; Rojas, O. J., Cellulose Nanocryst@semistry, SeH
Assembly, and Application€hemical Review2010,110(6), 34793500.

185 Amutio, M.; Lopez, G.; Aguado, R.; Artetxe, M.; Bilbao, J.; Olazar, M., Kinetic
study of lignocellulosic biomass oxidative pyrolystsiel 2012,95 (0), 305311.

186. Fang, M. X.; Shen, D. K.; Li, Y. X.; Yu, C. J.; Luo, Z. Y.; Cen, K. F., Kinetic study
on pyrolysis and combustion of wood under different oxygen concentrations by using
TG-FTIR analysisJournal of Analytical and Applied Pyrolys2006,77 (1), 2227.

187. Li, J.; Zhang, Y., A simple purification for singlealled carbon nanotubeBhysica
E: Lowdimensional Systems and Nanostructa@g5,28 (3), 309312.

188 Landi, B. J.; Cress, C. D.; Evans, C. M.; Raffaelle, R. P., Thermal Oxidation
Profiling of Sinde-Walled Carbon Nanotube€hemistry of Material2005, 17 (26),
68196834.

189 Shopsowitz, K. E.; Hamad, W. Y.; MacLachlan, M. J., Chiral Nematic Mesoporous
Carbon Derived From Nanocrystalline Cellulosgngewandte Chemie International
Edition2011,50 (46), 1099110995.

190 Brennan, B. J.; Llansola Portoles, M. J.; Liddell, P. A.; Moore, T. A.; Moore, A. L;
Gust, D., Comparison of silatrane, phosphonic acid, and carboxylic acid functional
groups for attachment of porphyrin sensitizers to ,Ti® photelectrochemical cells.
Physical Chemistry Chemical Physi313,15 (39), 16605.6614.

191 Bae, E.; Choi, W.; Park, J.; Shin, H. S.; Kim, S. B.; Lee, J. S., Effects of Surface

Anchoring Groups (Carboxylate vBhosphonate) in Rutheniu@omplexSensitized
140



TiO, on Visible Light Reactivity in Aqueous Suspensiofifie Journal of Physical
Chemistry B2004,108 (37), 140934101.

192 Bauer, T.; Schmaltz, T.; Lenz, T.; Halik, M.; Meyer, B.; Clark, T., Phosphoaate
CarboxylateBased SeHAssembled Monolayers for Organic Devices: A Theoretical
Study of Surface Binding on Aluminum Oxide with Experimental SuppdesS Applied
Materials & Interface2013 5 (13), 60735080.

193 Ernstorfer, R.; Gundlach, L.; Felber, Storck, W.; Eichberger, R.; Willig, F., Role
of Molecular Anchor Groups in Molecute-Semiconductor Electron Transfelournal
of Physcal ChemistryB 2006,110, 2538325391.

194. Nilsing, M.; Persson, P.; Lunell, S.; Ojamae, L., EBensitization of the iD,
Rutile (110) Surface by Perylene Dyes: QuantGhemical Periodic B3LYP
ComputationsJournal of Physcal Chenistry C 2007,111, 1211612123.

195 Ambrosio, F.; Martsinovich, N.; Troisi, A., Effect of the Anchoring Group on
Electron Injection:Theoretical Study of Phosphonated Dyes for {3gmsitized Solar
Cells.Journal of Physical Chemistry £012,116 26222629.

196. Chen, R. K.; Yang, X. C.; Tian, H. N.; Wang, X. N.; Hagfeldt, A.; Sun, L. C., Effect
of Tetrahydroquinoline Dyes Structure dmetPerformance of Organic Dygensitized
Solar CellsChenistry of Materals 2007,19, 40074015

197. Mulhern, K. R.; Orchard, A.; Watson, D. F.; Detty, M. R., Influence of Susface

Attachment Functionality on the Aggregation, Persistence, and El€ttansfer
Reactivity of Chalcogenorhodamine Dyes on ZiCangmuir2012,28, 70717082.

147



198 Rensmo, H.; Westermark, K.; Sodergren, S.; Kohle, O.; Persson, P.; Lunell, S.;
Siegbahn, H., XPS Studies of fRwlypyridine Complexes for solar Cell Applications.

Journal of Chemcal Physcs1999,111, 27442750.

199 Wu, K-L.; Li, C.-H.; Chi, Y.; Clifford, J. N.; Cabau, L.; Palomares, E.; Cheng, Y.
M.; Pan, H-A.; Chou, P-T., Dye Molecular Structure Device Op@ircuit Voltage
Correlation in Ru(ll) Sensitizers witHeteroleptic Tridentate Chelates for Bgensitized
Solar CellsJournal of American Chemical Sociy12,134, 74887496.

200 Liao, K-C.; Anwar, H.; Hill, I. G.; Vertelov, G. K.; Schwartz, J., Comparative
Interface Metrics for MetaFree MonolayeBasd DyeSensitized Solar CellsACS
Applied Materials & Interface012,4 (12), 67356746.

201 Tour, J. M.; Wu, R. L., Synthesisand bX/i si bl e Pr o p eThiophens of

Oligomers- Monomer to OctameMacromolecule4992,25, 19021907.

202 Hanson, E. L.; Schwartz, J.; Nickel, B.; Koch, N.; Danisman, M. F., Bonding Self
Assembled, Compact Organophosphonate Monolayers to the Native Oxide Surface of
Silicon. Journal of the American Chemical Socig03 125 (51), 16074.6080.

203 Mishra, A.; Rscher, M. K. R.; Bauerle, P., Metkltee Organic Dyes for Dye
Sensitized Solar Cells: From Structure: Property Relationships to Design Rules.
Angewandte Chemie International Editid009,48, 24742499.

204. Hau, S. K.; Cheng, YJ.; Yip, H-L.; Zhang, Y.;Ma, H.; Jen, A. K. Y., Effect of

Chemical Modification of FullerenBased SeHAssembled Monolayers on the

148



Performance of Inverted Polymer Solar CeA&S Applied Materials & Interfacex)10,
2, 18921902.

205 Montalti, M.; Wadhwa, S.; Kim, W. Y.; KippR. A.; Schmehl, R. H., Luminescent
Rut henium(1l1l) BipyridyliPhosphonic Acid

Behavior and Quenching with Divalent Metal lolreorganic Chenistry 1999,39, 76-84.

206. Gratzel, M., Photoelectrochemical ceMature2001,414(6861), 338344.

207. Boschloo, G.; Gibson, E. A.; Hagfeldt, A., Photomodulated Voltammetry of
lodide/Triiodide Redox Electrolytes and Its Relevance to-Bgasitized Solar Cell§he
Journal of Physical Chemistry Lette2611,2 (24), 30163020.

208 Gratzel, M., Dyesensitized solar cell§ournal of Photochemistry and Photobiology
C: Photochemistry Reviev2903,4 (2), 145153.

209 Sze, S., M. Physics of Semiconductor Devices, 2nd ed.; John Wiley & Sons: New

York, 1981

149

Co



A PPENDIX

This portion contains licenggermission of my publications from publishers to use in my

dissertation.

L ICENSE PERMISSION 1

] Copyright . .

Center
ACS Publications Title: Comparative Interface Metrics Logged in as:
High quality. High impact for Metal-Free Monolayer-Based Hafeez Anwar
Dye-Sensitized Solar Cells Aocaunt s
Author: Kung-Ching Liao, Hafeez 3000634272

Anwar, Ian G. Hill, Grigory K.

Vertelov, and Jeffrey Schwartz
Publication: Applied Materials
Publisher: American Chemical Society
Date: Dec 1, 2012
Copyright & 2012, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because
no fee is being charged for your order. Please note the following:

® Permission is granted for your request in both print and electronic formats, and translations.

m If figures and/or tables were requested, they may be adapted or used in part.

m Please print this page for your records and send a copy of it to vour publisher/graduate
school.

= Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

m One-time permission 1s granted only for the use specified in vour request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

LICENSE PERMISSION 2

ELSEVIER LICENSE = TERMS AND CONDITIONS

150



This is a License Agreement between Hafeez Anwar ("You") and Elsevier ("Elsevier")
provided byCopyright Clearance Center ("CCC"). The license consists of your order

details, the terms and conditions provided by Elsevier, and the payment terms and

conditions.

All payments must be made in full to CCC. For payment instructions, please see

information

listed at the bottom of this form.

Supplier

Elsevier Limited The Boulevard,Langford Lane
Kidlington,Oxford,0X5 1GB,UK 1982084

Registered Company  Number
Customer name

Customer address

License number

License date

Licensed content publisher
Licensed content publication

Licensed content title

Licensed content author

Licensed content date

Licensed content volume number
Licensed contentissue  number
Number of pages

Start Page

End Page

Type of Use

Portion

Format

Are you the author of this Elsevier article?
Will you be translating?

Order reference number

Title of your thesis/dissertation

Expected completion date

Estimated size (number of pages)
Elsevier VAT number

Permissions price

1982084

Hafeez Anwar

Dept Physics & Atmospheric Science Halifax,
NS B3H 4R2

3225031068068

Sep 09, 2013

Elsevier

Solar Energy

Vertically -aligned carbon nanotube counter
electrodes for  dye -sensitized solar cells
Hafeez Anwar,Andrew E. George,lan G. Hill
February 2013

88

8

129

136

reuse in a thesis/dissertation
full article

electronic

Yes

No

Precious Metal -free Dye -sensitized Solar Cells
Dec 2013

160

GB 494 6272 12

0.00 USD

151



VAT/Local Sales Tax 0.0USD /0.0 GBP
Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for thisopyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions establistieby Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at

http://myaccount.copyright.com
GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementuaiedal
subject tahe terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source,
permissiomrmust also be sought frothat source. If such permission is not obtained then
that materialmay not be included in your publication/copies. Suitable acknowledgement
to the sourcenust be made, either as a footnote or in a reference list at the end of your

publication, agollows:

AReprinted from Publication title, Vol [ ed
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRI GHT OWNER] . O -AReprLanedt f spae
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with

permission from EIlsevier.o

4. Reproduction of this material is confined to the purpose and/or media for which

permission is hereby given.

152



5. Altering/Modifying Material: NotPermitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletionsand/or any other alterations shall be made only with prior written authorization
of ElsevierLtd. (Please contd Elsevier at permissions@elsevier.com)

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisherseeves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment

terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposedise, no license is finally effective unless and until full payment is received from
you (eitherby publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall béeemed automatically revoked and shall be void as if never
granted. Further, in the evethiat you breach any of these terms and conditions or any of
CCC's Billing and Paymerterms and conditions, the license is automaticedvoked

and shall be void as if nevgranted. Use of materials as described in a revoked license,
as well as any use of thmaterials beyond the scope of an unrevoked license, may
constitute copyright infringemerand publisher reserves the right todakny and all

action to protect its copyright in tmeaterials.

9. Warranties: Publisher makes no representations or warranties with respect to the

licensedmaterial.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC,

andther respective officers, directors, employees and agents, from and against any and

153



all claims arising out of your use of the licensed material other than as specifically

authorizedpursuant to this license.

11. No Transfer of License: This license is pesdn you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written

permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the eaef publisher, by CCC on publisher's
behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with #eeterms and conditions or CCC's Billing and
Paymenterms and conditions. These terms and conditions, together with CCC's Billing
and Paymenterms and conditions (which are incorporated herein), comprise the entire
agreemenbetween you and publisher (a@CC) concerning this licensing transaction. In

the event ofany conflict between your obligations established by these terms and
conditions and thosestablished by CCC's Billing and Payment terms and conditions,

these terms and conditiogkall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
describedn this License at their sole discretion, for any reason or no reason, with a full
refund payabléo you. Notice of such denial will be made using the contact irstiom
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevieror Copyright Clearance Center be responsible or liable for any
costs, expenses or damageurred by you as a result of a denial of y@ermission
request, other than a refund of @ount(s) paid by you to Elsevier and/or Copyright

Clearance Center for denipdrmissions.
LIMITED LICENSE

The following terms and conditions apply only to specific license types:
154



15. Translation: This permission is granted for nemxclusive worldEnglish rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
transldor must perform all translations and reproduce the content word for word
preserving thentegrity of the article. If this license is to-vse 1 or 2 figures then

permission is granted foron-exclusive world rights in all languages.

16. Website Thefollowing terms and conditions apply to electronic reserve and author
websitesElectronic reserve If licensed material is to be posted to website, the web site
is to bepassworeprotected and made available only to bona fide students registered on a
relevantcourse if:This license was made in connection with a courkeés permission is
granted for 1 year only. You may obtain a license for future wepesgtng,All content
posted to the web site must maintain the copyright information line diotteen of each
image,A hypertext must be included to the Homepage of the journal from which you are
licensing at http://www.sciencedirect.com/science/journal/xxxxgr the Elsevier
homepage for bookat http://www.elsevier.com andCentral Storage: This licea does

not include permission for a scanned version oftiaerial to be stored in a central

repository such as that provided by Heron/XanEdu.

17. Author website for journals with the following additional clauses:

All content posted to the web site mumsaintain the copyright information line on the
bottom of each image, and the permission granted is limited to the personal version of
your paper. You are not allowed to download and post the published electronic version of
your article (whether PDF or HTMLproof or final version), nor may you scan the
printed editionto create an electronic version. A hypext must be included to the
Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxAs part of ou normal production

process, you will receive anmgail notice whenyouar t i cl e appears on

service ScienceDirect (www.sciencedirect.com). Té&ata i | wi || i nclude

Digital Object Identifier (DOI). This number provides thlectronic link to the published

155

E



article and should be included in the posting of your persegraion. We ask that you

wait until you receive this-enail and have the DOI to do apgsting.

Central Storage: This license does not include permission foarmed version of the

material to be stored in a central repository such as that provided by Heron/XanEdu.

18. Author website for books with the following additional clauses:

Authors are permitted to place a brief summary of their work online dnhypertext
must be included to the Elsevier homepagentgh://www.elsevier.com All content
posted to the web site must maintain the copyright information line on the bottaulof
image. You are not allowed to download and post the published electronianvefsi

your chapter, nor may you scan the printed edition to create an electronic version.

Central Storage: This license does not include permission for a scanned version of the

material to be stored in a central repository such as that provided by Xkan&ialu.

19. Website (regular and for author): A hypéext must be included to the Homepage of
thejournal from which you are licensing lattp://www.sciencedirect.com/science/journal

Ixxxxx. or for books to the Elsevier homepage at http://www.elsevier.com

20. Thesis/Dissertation If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requisermatude
permission for the Library and Archives of Canada to supply single copies, on demand,
of the complete thesis and include permission for UMI to supply single copies, on
demand, ofthe complete thesis. Should your thesis be published commerglagse

reapply forpermission.
21.0Other Conditions:

v1.6

156



If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will

be invoiced within 48 hours of theeénse date. Payment should be in the form of a check
or money order referencing your account number and this invoice number
RLNK501108854. Once you receive your invoice for this order, you may pay your

invoice by credit card. Please follow instructioneyided at that time.

Make Payment To: Copyright Clearance Center Dept 001 P.O. Box 843006 Boston, MA
022843006

For suggestions or comments regarding this order, contact RightsLink Customer Support:
customercare@copyright.com or-817-622-5543 (toll freein the US) or +1978 646
2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable

license for your reference. No payment is required.

157



